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TyoOssa tutkittiin, kuinka paljon taajuusmuuttajan valipiirin  tehohévi6itd saadaan
pienennettyd tasaamalla valipiirin kondensaattorien jannitteet aktiivisten piirien avulla.
Suunniteltaessa taajuusmuuttajan vélipiirid vaadittu jannitekestoisuus voidaan saavuttaa
kytkeméll& kondensaattoreita sarjaan, mutta niiden epaideaalisuuksien, kuten erisuuruisten
kapasitanssien ja vuotovirtojen, takia valipiirin jannite voi jakautua epatasaisesti
kondensaattorien vélilla&. Kondensaattori, jonka yli vaikuttaa ylisuuri jannite, voi ikaantya
ennenaikaisesti tai hajota ylijannitetilanteissa.

Laajassa kaytossa oleva jannitteiden tasaustapa on kytked kondensaattorien rinnalle
vastuksia, joilla on yht& suuri resistanssi. Vaikka jannitteité ei tarvitsi tasata, vastuksissa
kulkee joka tapauksessa virta, joka aiheuttaa tehohdvidita. Aktiivisen tasauspiirin tarkoitus
on toimia vain tarvittaessa, jolloin tehohdvitité voidaan pienentéé.

Aktiivisten  tasauspiirien  toimintaa simuloitiin  k&yttamalla  LTspice-ohjelmaa.
Vertailukohteena kéytettiin olemassa olevan vélipiirin, jonka kondensaattorien jannitteet
tasataan vastuksilla, tehohavidita, jotka mitattiin LTspice-ohjelmalla. Simuloinnit tehtiin
kahden ja kolmen kondensaattorin sarjaankytkenndille.

Simulointien perusteella aktiivisilla tasauspiireilla voidaan pienent&é tehohavioita, mill4 voi
olla vaikutusta taajuusmuuttajan kokonaisenergiatehokkuuteen. Riippuen valitusta
aktiivisesta tasauspiiristd haittana voi olla komponenttien aiempaa suurempi tilantarve,
lisddntyneet elektromagneettiset hairiot, tarve erilliselle vélipiirin purkauspiirille tai
lisddntyneet kustannukset. Jannitteiden tasaus on myds mahdollista tehd& taajuusmuuttajan
apujanniteldhteelld, jolloin toteutus voi vaatia vain vahaisia muutoksia.
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This thesis studied how much power dissipation can be reduced using different active
balancing circuits in the DC-link of a frequency converter. When a frequency converter DC-
link is designed a required voltage rating can be achieved by connecting capacitors in series.
Because of their nonidealities such as variation of capacitances and leakage currents the
voltage of the DC-link may be divided unequally between the capacitors causing the weakest
capacitor to have a higher voltage, age prematurely and have a risk of failing in an
overvoltage situation.

Connecting resistors having the same resistance in parallel with capacitors is a widely used
balancing method. Even though there were no need to balance the voltages current would
flow through the balancing resistors causing power dissipation. The purpose of an active
balancing circuit is to operate only when needed which will reduce power dissipation.

The operation of different active balancing circuits was simulated using LTspice software.
An existing DC-link in which the balancing is done by resistors was used as a reference. The
first step was to measure the total power dissipation of the reference DC-link. Simulations
were done for series connections of two and three capacitors.

Based on the simulation results using active balancing can reduce power dissipation which
in turn can improve the total energy efficiency of a frequency converter. Depending on the
chosen balancing method the drawbacks can be increased space requirement of the
components, increased electromagnetic interference, need for a separate discharging circuit
and increased costs. It is possible to use the auxiliary power supply of a frequency converter
to balance the capacitor voltages. It may be possible to achieve this with minor changes in
the existing design.
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1 INTRODUCTION

1.1 Background and motivation

Conventionally, resistors are used in frequency converters to balance voltages of series
connected capacitors in the intermediate DC-link. Nonidealities of capacitors can result in
voltage imbalance between the capacitors causing premature ageing or a failure in an
overvoltage situation. Balancing resistors are dimensioned so that they guarantee a good
voltage division between the series connected capacitors and they must be able to withstand
the system voltage. Even in an ideal situation when the capacitor voltages are equal there is
balancing current flowing through the resistors causing power dissipation in vain. Power
dissipation can be reduced by balancing the voltages only when necessary. The goal of the
thesis is to find a more efficient way to balance the voltages of series connected capacitors.
A literature study and simulations are performed. In addition, evaluating energy saving
potential and analysing whether active balancing could be used in products of different

topology is of interest.

1.2 Frequency converter

A frequency converter consists of three main components: input rectifier, intermediate DC-
link and output inverter. Input rectifier is typically a three-phase diode bridge which converts
three-phase AC input voltage to DC voltage. The DC-link is used to stabilize the voltage i.e.
to reduce DC voltage ripple. In a frequency converter the DC-voltage is converted back to
AC-voltage by output inverter which can alter both the output voltage amplitude and
frequency. This enables speed and torque control of an electric motor. Frequency converters
are widely used in different areas of industry. They can be used for several applications such
as pump, fan, extruder, elevator, winch and crane drives to name a few. Using frequency
converters to supply motors offers better controllability of speed and torque compared to

motors directly fed from a three-phase electrical network. (Niiranen 2000, pp. 48-50, 60-66.)

The frequency converter under study in this thesis is a two-level converter which means that
the DC-link has two levels: the plus and minus busbars. A three-level frequency converter
has also a neutral level, but this type of converter is mainly used for high voltage and power

applications. Figure 1.1 shows a simplified topology of a two-level frequency converter.
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Figure 1.1. A simplified topology of a two-level frequency converter consisting of supply network,
rectifier, DC-link and inverter (Mohan et al. 2003, p. 420).

1.3 Capacitors

There are many types of capacitors available such as electrolytic capacitors, film capacitors,
metal-paper capacitors and ceramic capacitors but because of their different properties all of
them are not suitable for every application. The ones commonly used in the DC-link of
frequency converters are electrolytic and film capacitors. One of the reasons electrolytic
capacitors are used more in low voltage frequency converters is their compact size while
film capacitors are used in medium voltage drives because of the higher breakdown voltage
capability. Therefore, the focus in this thesis is on the electrolytic capacitors. (Niiranen 2001,
pp. 167-174.)

1.3.1 Electrolytic capacitor
Compared to the other capacitors the main advantage of an electrolytic capacitor is its
compact size. They can have a large capacitance in relation to the volume. Other good
properties are high ripple current capability, acceptable reliability and good cost efficiency.
(TDK 2019, p. 2; Niiranen 2001, pp. 167, 170.) An electrolytic capacitor has two conductive
layers, electrodes, and one isolating dielectric layer as seen in figure 1.2. Anode which is the
positive electrode consists of a porous aluminium foil with a large surface area. On the

surface of the anode there is an oxide layer (Al2O3) acting as an insulation. The negative
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electrode, cathode, is also made of a high surface aluminium foil but without an oxide layer.
Between the anode and the cathode there is a thin, porous paper spacer soaked in liquid
electrolyte. (TDK 2019, p. 2; Niiranen 2001, p. 167.)

Dielectric (Al,04)

— Al cathode foil

Electrolyte and paper
KALODO1-S-E

Figure 1.2. Aluminium electrolytic capacitor (TDK 2019, p. 2. Reproduced with the permission of
TDK).

The materials are typically wound to form a cylinder (figure 1.3) and then enclosed in an
aluminium capsule which has a connection to the cathode. When voltage is applied across
an electrolytic capacitor a process called anodic oxidation starts building up an oxide layer
on the anode foil. The main idea of an electrolytic capacitor is that the porous surface of
aluminium is very large and the insulating oxide layer is very thin resulting in a large

capacitance per volume. (TDK 2019, pp. 3-5; Niiranen 2001, p. 167.)

The polarity of supply voltage cannot be changed or otherwise the oxidation process is
reversed and the leakage current can increase rapidly. As the leakage current increases so
does the power dissipation and overpressure which forms inside the capacitor may cause an
explosion. The level of acceptable reverse voltage is significantly lower than the nominal
voltage rating being just in the range of -1...1.5 V. (TDK 2019, pp. 3-5; Niiranen 2001, p.
167.)
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KAL1513-H

Figure 1.3. Aluminium electrolytic capacitor construction (TDK 2019, p. 4. Reproduced with the
permission of TDK).

1.3.2 Film capacitors
Film capacitors are bulky when it comes to their size compared to the electrolytic capacitors
but often the latter ones have to be connected in series when the operating voltage is high
which increases the size of the whole assembly. The film capacitors have a greater
breakdown voltage level than electrolytic capacitors, but the capacitance is lower although
they have other advantages. Capacitance of film capacitors is more stable as function of
temperature compared to the electrolytic capacitors. The most important property of a film
capacitor is its self-healing capability. When a breakdown occurs in insulation metal
electrode gets vaporized around that area and current stops flowing. The full dielectric
strength is recovered in a really short time around 1...10 ps. (Pyrhonen et al. 2011, p. 236;
Niiranen 2001, pp. 170-173.)

Figure 1.4 illustrates classification of different film capacitors according to the used
dielectric material. The first letter M in a three-letter identification code stands for

metallization and the last is the type of dielectric used in a film capacitor. T means
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polyethylene terephthalate (PET), P polypropylene (PP) and N polyethylene naphthalate
(PEN). (TDK 2018, p. 2.)

Film capacitors
FK
. ) - Metal foil and metallized

Dielectric Metallized plastic film plastic film
Polyethylene terephthalate N Bl

{Polyester) = MKT MFT

Polypropylene > MKP MEP”
Polyethylene naphthalate I MKN
KMKOS84-N-E

Figure 1.4. Different types of film capacitors (TDK 2018, p. 2. Reproduced with the permission of

TDK).

Construction of a film capacitor is shown in figure 1.5. In a film capacitor, paper or plastic

has been used as dielectric material although plastic is more common nowadays. Plastic

dielectric has smalle

r losses which is a desirable feature in applications such as resonance

and switch protection circuits. (Niiranen 2001, p. 172.)

Figure 1.5. Typical co
of TDK).

Electrodes
(metallization) —___

Dielectric
(plastic film) | il
Electrodes _ '
(metal foil) ~——_ o
) 1

Dielec_:tng: [
(plastic film) ~———_ =2

KMKD108-5-E

Metallization /

nstruction of a film capacitor (TDK 2018, p.3. Reproduced with the permission
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1.3.3 Capacitor nonidealities

Figure 1.6 shows different equivalent circuits of a capacitor and its nonidealities. The
components presented in the equivalent circuits are results of different structural factors.
Change in capacitance AC is temperature dependent and the series resistance Rs covers the
internal resistances. Parallel resistance Rp is the insulation resistance between the terminals
through which the leakage current flows. Capacitor conductors have inductances which are
marked as L. and the Lc is the capacitor’s internal inductance. Figure 1.6b shows further
simplification in which the capacitance change AC, and the series resistance have been
removed. The series inductance Ls consists of L and Lc. In the last circuit in figure 1.6¢ the
effective series resistance ESR consists of series and parallel resistances Rs and Rp, Ls is the
series inductance and C the capacitance. (Pyrhonen et al. 2011, p. 226.)

Figure 1.6. Different equivalent circuits of a capacitor showing the nonidealities (Pyrhonen et al.
2011, p. 226).

The total impedance Z of the capacitor equivalent circuit presented in figure 1.6¢ can be

calculated as

1 2 (1.1)
|Z| = \/ESRZ + (m— ZTEfL)
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where ESR is the effective series resistance, f the operating frequency, C the capacitance and
L the inductance. (Pyrhdnen et al. 2011, p. 226.)

Because the frequency is one of the variables in equation (1.1), the equation is useful when
a capacitor is supplied with AC-voltage. DC-voltage has no frequency which will eliminate

the reactance part of the total impedance. (Pyrhénen et al. 2011, p. 226.)

1.3.4 Effects of capacitor nonidealities

A voltage source inverter, VSI, has an intermediate DC-link which consists of multiple
capacitors connected in series and parallel. When capacitors are connected in series, the
voltage is not divided equally between them as a result of their nonidealities. Such imbalance
may cause premature ageing or in the worst case a capacitor to fail. Capacitor manufacturers
usually give a tolerance for the capacitance and maximum leakage current in datasheets.
When an ideal capacitor is supplied with DC-voltage, no current should be flowing anymore
after the capacitor has been fully charged. The aluminium oxide layer of an electrolytic
aluminium capacitor is not ideal which causes a small amount of current always to flow from
anode to cathode. Although the major contributor is the inconsistent dielectric oxide layer
there are several reasons which can add up to the total leakage current (Albertsen 2018, p.
3-4; TDK 2019, p. 13):

- Manufacturing damages

- Operation voltage

- Operation temperature

- Crystal errors

- Foreign atoms in aluminium base layer

- Mechanical stress

- Oxide layer dissolving in the electrolyte

- Dielectric absorption (capacitor memory effect)

- Bypass currents

- Storage conditions

- Tunnel effect.
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In figure 1.7 there are two graphs from the capacitor manufacturer TDK which show the
change of leakage current over time after an electrolytic capacitor has been connected to a
DC voltage. Both graphs in figure 1.7 represent the typical behaviour of a new electrolytic
aluminium capacitor after it is exposed to a burn-in process in a factory during which the
rated voltage is applied. The process leads to an initial reduction of leakage currents which
will then gradually increase upon storage. The left graph shows behaviour from time period
of 60 minutes and the right one from time period of 48 hours. In both graphs the initial

leakage current is much higher than after a certain time period. (TDK 2019, p. 14.)

16 KAL1527-M 30 KAL1528-Y
lieak, ¢ liesk
Ileak. 60 min Ileak 48 h
12
20
10
8 15
6
10
4
]
2 "‘I“_‘-“l--__
0 - 0
0 10 20 30 40 min 60 0 10 20 30 40 h 50

-1 —={

Figure 1.7. Normalized leakage currents lieak/licak.6omin @Nd lieak ¢/ lieak.asn @s function of time (TDK
2019, p. 14. Reproduced with the permission of TDK).

Figure 1.8 shows how the level of supply voltage affects leakage current of a new capacitor.
When the voltage increases over the rated voltage of capacitor the leakage current starts to
increase steeply. Below the rated voltage the leakage current is not changing as significantly.
(TDK 2019, p. 15.)
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KAL1529-4
9

0.8 0.9 1 1.1 1.2

Vo
VH

Figure 1.8. Normalized initial leakage current lieax (Uopy/lieax (Ur) a@s function of operation voltage
Uop and rated voltage Ur ratio at 60 °C (TDK 2019, p. 15. Reproduced with the permission of TDK).

As mentioned, operation temperature also has an impact on the leakage current. Figure 1.9
shows that higher the internal temperature of capacitor is the more leakage current is flowing.
The graph in figure 1.9 is valid for a new capacitor. (TDK 2019, p. 15.)
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KAL1530-7
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Figure 1.9. Normalized initial leakage current lieax (Tcore)/lieax (20 °C) as function of internal
temperature Tcore With rated voltage Ugr (TDK 2019, p. 15. Reproduced with the permission of TDK).

TDK gives in their document “Aluminum Electrolytic Capacitors General Technical
Information” (2019) two equations by which one can estimate the operational leakage

current. Operational leakage current of long-life graded capacitors can be estimated as

Cr Ugr 1.2
Ileak,op = OOOOZSHA]__U_FW-F 1HA ( )

where lieak,0p IS the operational leakage current, Cr the rated capacitance and Ur the rated
voltage. (TDK 2019, p. 16.)

Substituting Cr with rated capacitance in microfarads and Ur with rated voltage in volts will

cancel out farads and volts in equation (1.2). The result is leakage current in microamps.
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Operational leakage current of general-purpose capacitors can be estimated using the

following equation.

Cr  Ur 1.3
Ileak,op = O-OOOSHA . 1—MF . W + 3IJ'A ( )

According to IEC 60384-1 standard which is a generic specification for fixed capacitors used
in electronic equipment the leakage current is measured using the rated voltage for 5 minutes.
(IEC 2016b, p. 34). Precondition for the measurement is that the capacitor has to be fully
charged (IEC 2016b, p. 34). Based on the specification set by the standard, equations (1.2)
and (1.3) can be used for estimating the leakage current of a capacitor with a capacitance
value deviating from the rated by substituting Cr with a capacitance value in which tolerance
has been taken into account. Equations (1.2) and (1.3) do not consider the internal
temperature and operation voltage deviating from the rated and therefore correction factors
presented in tables 1.1 and 1.2 should be used. (TDK 2019, p. 16.)

Table 1.1. Correction factors for operational leakage current at different temperature levels (TDK
2019, p. 16. Reproduced with the permission of TDK).

Temperature (°C) 0 20 50 60 70 85 125

Factor (typical value) 0.5 1 4 5 6 10 12.5

Table 1.2. Correction factors for operational leakage current at different operating voltage levels
(TDK 2019, p. 16. Reproduced with the permission of TDK).

Operating voltage, in %

of the rated voltage Us 20 30 40 50 60 70 80 90 100

Typical values, in % of the
operating leakage current /ieak,op 3 6 9 14 18 25 40 50 100
(General-purpose grade)

Typical values, in % of the
operating leakage current /ieak,op 8 14 17 23 30 40 50 70 100
(Long-life grade)
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Using the operational leakage current value, the parallel resistance R, representing the

leakage current in the capacitor equivalent circuit can be calculated as

Ugr (1.4)

R. =
p
Ileak,op

where Rp is the insulation resistance of a capacitor and lieax op the operational leakage current.

It must be noted that if a DC-link has capacitors connected in parallel (figure 1.10) the total

resistance Rp.t can be evaluated using

1—1+1++1 (1.5)
Rp.tot Rpl RpZ an

where Ry is the parallel resistance of the n™ capacitor.

Figure 1.10. Resistances connected in parallel.

One can calculate the voltage across the resistance 2 in figure 1.11 from

Rp2 (1.6)
Urpp = Upp ———
Rp2 in (Rpl + sz)

In equation (1.6) Urp: is the voltage across the resistor Rp2, Rp1 is the insulation resistance of

capacitor 1, Rpz is the insulation resistance of capacitor 2 and Uin is the supply voltage.
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pl URpl

Figure 1.11. Voltage division of series connected resistances.

Respectively, different capacitances result in voltage division (figure 1.12) and by the

following equation one can calculate the voltage across the capacitor 2.

C (1.7)

Uy = Upy —2—
Cc2 mn (Cl + CZ)

In equation (1.7) Uc2 is voltage across the capacitance 2, C; is the capacitance of capacitor

1 and C; is the capacitance of capacitor 2.

U, <:>

Figure 1.12. Voltage division of series connected capacitances.

The voltage division between the capacitances cannot be calculated simply by replacing the

capacitances in equation (1.6). Capacitance of a capacitor is calculated as

(1.8)

S
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where C is the capacitance, Q is the charge and U is the voltage.

Rearranging equation (1.8) voltage can be calculated as

_Q (1.9)
U= C

The charges of each capacitor in series are equal which means that voltage across a single
capacitor will change according to its capacitance (Tahalyani et al. 2020, p. 24). The higher

the capacitance is the lower is the voltage across the capacitor with a certain charge.

1.3.5 Capacitor charging and discharging
When charging or discharging a capacitor its voltage will increase or decrease according to
the time constant of an RC-circuit (resistance and capacitance in series). The time constant

is determined as
T=RC (1.10)

where 7 is the time constant, R the resistance of the system and C the capacitance of the

system.
According to equation (1.10) if resistance or capacitance of each capacitor in the DC-link is
different the voltage across each capacitor will have a different rate of change. When

charging a capacitor, the voltage at any specific time can be calculated by

U(t) = Up(1 - e77) (L11)

where Up is the voltage at t = 0 s and t is time.
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Respectively when discharging a capacitor, the voltage at any time instant will be
t
Ut) = Uge* (1.12)

Charging and discharging of an RC-circuit are shown in figures 1.13 and 1.14.

Charging of an RC-circuit

0 2 4 6 8 10
time [s]

Figure 1.13. Charging curve of an RC-circuit.

Discharging of an RC-circuit

120

time [s]

Figure 1.14. Discharging curve of an RC-circuit.
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1.4 Power bipolar junction transistor

A power BJT has a four-layer construction which is presented in figure 1.15. Usually NPN-
type transistors have higher voltage and current ratings than PNP-types. A power NPN BJT
has three legs: collector, emitter and base. The collector is built of a richly doped layer and
a sparsely doped drifting layer (depletion layer) to guarantee a high voltage tolerance. When
current is applied on the base of a transistor and the voltage across the base and emitter
increases over the threshold voltage then the transistor starts to conduct. Current flows from
the collector to the emitter and its amplitude can be controlled by the base current. When the
voltage across the base and emitter is higher than the threshold voltage charge carriers start
to move across the junction. Most of the charge carriers (electrons) are moving from the
emitter to the collector because their recombination time is long and the base length short.
In order to keep the transistor conducting a constant current on the base is required. (Niiranen
2001, pp. 10-11.)

Thicker
base
: Drift :
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n' o |P n’
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J

Figure 1.15. A principle construction of an NPN power bipolar junction transistor (Niiranen 2001,
p. 72. Reproduced with the permission of Gaudeamus).

The base current Ig is considerably smaller than the collector current Ic which means that
the emitter current can be approximated to be equal to the collector current. The base current
needed to overcome the potential barrier formed by the depletion layer between the emitter
and base junction is low in which the current gain g of BJT is based on. (Niiranen 2001, p.
11.)
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Current gain can be calculated as

Ic 1.13
gt (1.13)
B
where S is the current gain, Ic the collector current and Ig the base current. (Mohan et al.
2003, p. 552.)

A power BJT can be used also as a switch although IGBTs have superseded their use. An
IGBT is built of a MOSFET and a PNP transistor to create a component that can be
controlled to on-state with a current pulse and to off-state with a negative current pulse i.e.
a charge. In the application studied in this thesis a BJT is used for current amplification.
Behaviour of a BJT is visualized by current-voltage characteristics presented in figure 1.16.
(Mohan et al. 2003, p. 549.)
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Figure 1.16. Current-voltage characteristics of a power bipolar junction transistor (Niiranen 2001,

p. 73. Reproduced with the permission of Gaudeamus; Mohan et al. 2003, p. 549).

Figure 1.16 shows three different operating regions: saturation, quasi-saturation and active.
In the active region the collector current is only dependent on the base current and increasing
the collector-emitter voltage does not increase the collector current anymore. When a BJT is

used as a switch it is usually operated in the saturated region where power dissipation is low.
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When used as an amplifier the operation point is in the active region. (Niiranen 2001, pp.
72-74.)

There are restrictions which must be considered when using a power BJT. Forward bias safe
operating area, FBSOA, sets a maximum limit for collector current and collector-emitter
voltage. The collector current and the collector-emitter voltage cannot be at the maximum
value at the same time because the resulting power dissipation would heat up the transistor
too much. Maximum collector current given in a datasheet must be obeyed or otherwise too
high collector current can damage thin bonding wires connecting the semiconductive layers
to the legs. If the base current losses are ignored power dissipation in on-state can be

calculated as

Bon =1I¢- UCE(sat) (1.14)

where Pon is the on-state power dissipation, Ic the collector current and Ucgsat) the collector-

emitter voltage in saturation state. (Mohan et al. 2003, p. 565 Niiranen 2001, p. 75.)

Primary breakdown can happen if the maximum breakdown voltage ratings are exceeded.
Usually, manufacturers give a maximum voltage for collector-emitter, collector-base and
base-emitter junctions. A power BJT must be able to handle the maximum voltage which
can occur in a system it is part of when it is in blocking state. In order to have a good current
gain the base layer must be as thin as possible. Therefore, also the reverse breakdown voltage
capability of a BJT is low. Breakdown voltage rating of the base-emitter junction is usually
from 5 to 20 V. (Mohan et al. 2003, pp. 562-563.)

Secondary breakdown is a thermal failure mode which happens when the collector-emitter
voltage and the collector current are large. Power dissipation is large, and it is localized in
small areas over the whole volume which start to heat up. As the temperature increases so
does the current density in these areas which eventually causes the collector-emitter voltage
to collapse. To prevent secondary breakdown sufficient cooling of the transistor must be
ensured. (Mohan et al. 2003, pp. 563-565; Niiranen 2001, p. 75.)



28

Reverse bias safe operating area, RBSOA, is larger than the FBSOA and it is not dependent
on the temperature. RBSOA applies when a BJT is being turned off and is useful when
designing overvoltage protection for the BJT. (Mohan et al. 2003, pp. 567-568; Niiranen
2001, pp. 77-78.)

1.5 Power metal-oxide-semiconductor field-effect transistor
Construction of an N-channel power metal-oxide semiconductor field-effect transistor,
MOSFET, is shown in figure 1.17.

Gate
Source

Drain

Figure 1.17. Principle construction of an N-channel MOSFET including the parasitic diode (Mohan
et al. 2003, p. 582).

A common metal oxide semiconductor field-effect transistor, MOSFET, is an N-channel
type MOSFET but also a P-channel type exists. MOSFET has three legs: drain, source and
gate. Unlike BJTs a MOSFET does not need constant current for the control but constant
voltage on the gate. When voltage is supplied on the gate and it is higher than the rated
threshold voltage the MOSFET starts to conduct. MOSFETS are suitable for high switching
frequency applications as there are no excess charge carriers which need to be moved in

transient situations. (Niiranen 2001, pp. 14-15.)

Capacitances between the gate and drain as well as the gate and source together with the gate
resistance cause a delay in switching a MOSFET on and off as they form an RC-circuit. Gate
threshold voltage is usually in the range of 1.5 to 4 V. (Niiranen 2001, pp. 91-92.)
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One can see the voltage-current characteristics of an N-channel MOSFET in figure 1.18.
When the gate voltage is less than the threshold voltage the MOSFET is in the cut-off region.
A MOSFET is able to block current in the drain-source direction but due to a parasitic diode
(figure 1.17) which results from its structure current can flow from the source to the drain.
In the ohmic region the drain-source voltage is small and power dissipation can be kept low
even with a high drain current. The active region must not be confused with the saturation
region of a power BJT. In this area the drain current does not depend on the drain-source

voltage but the gate-source voltage. (Mohan et al. 2003, pp. 574-576; Niiranen 2001, p. 90.)
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Figure 1.18. Voltage-current characteristics of an N-channel MOSFET (Mohan et al. 2003, p. 575).

On-state losses of a power MOSFET can be calculated as

Fon = Ionz * Rps(on) (1.15)

where Pon is the dissipative power, lon the on-state load current and Rpsen) the on-state
resistance. (Mohan et al. 2003, p. 588.)
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When a MOSFET is operated as a switch equation (1.15) can be modified to include the

ratio of on-state and off-state times which results in

ton (1.16)

where Uon is the voltage across the switch in on-state, ton the on-state interval and Tsw the
time of one operation cycle. (Mohan et al. 2003, p. 23.)

Equation (1.16) above considers only the power dissipation when the MOSFET is
conducting but does not include the effect of switching on and off the device. Average power
loss due to switching Psw can be approximated by

(1.17)

1
Fow = 5 Uinlon fow(tccon) + tecotn)

where Uin is the supply voltage, fsw the switching frequency, tcon) the turn-on time and tc(ofn
the turn-off time. (Mohan et al. 2003, p. 23.)

Ucs(max) tells the maximum gate voltage a power MOSFET can withstand. It is usually from
20 to 30 V. Gate overvoltage protection can be done by two zener diodes connected back to
back between the gate and source. BUpss is the drain-source breakdown voltage which must

not be exceeded in order to avoid avalanche breakdown. (Mohan et al. 2003, pp. 587-588.)

A power MOSFET has also a SOA which is shown in datasheets. It is similar to SOA of a
power BJT. SOA gives maximum values for the drain current, the internal junction
temperature and the drain-source breakdown voltage. Secondary breakdown in a power
MOSFET is unlikely to happen. (Mohan et al. 2003, p. 591.)
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2 BALANCING METHODS

Following chapters present different balancing methods which could be used in a DC-link.
Many of the methods found in literature study are meant for different topologies for example
three and five-level inverters. Not only the topology is different, but the balancing is based
on the output inverter modulation scheme in which the voltage balance is one of the control
variables. These methods were not studied but only the ones suitable for two-level frequency

converters and which do not require inverter modulation to be involved.

2.1 Resistor balancing

A simple and widely used method to balance the voltages of series connected DC-link
capacitors is connecting resistors in parallel with them. Resistance of the balancing resistors
must be much lower than the parallel resistance Rp in capacitor equivalent circuit (figure 2.1)

and the accuracy of balancing resistors must be high. (TDK 2019, p. 26.)

+

Rsymm

+

R symm

Figure 2.1. Voltage balancing of two series connected capacitors using balancing resistors (Rsymm)
(TDK 2019, p. 26. Reproduced with the permission of TDK. Modified from TDK).

This will ensure a higher flow of current through the balancing resistors compared to the
leakage current and the voltages across the capacitors will be balanced. For example, the
capacitor manufacturer, TDK, gives a following rule of thumb for dimensioning balancing
resistors (TDK 2019, p. 26).
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2.1
Rgymm = 100MQ - 21)

1
—F——uF
,/Np'CRIJ—

In equation (2.1) Rsymm is the resistance of a balancing resistor connected in parallel with a
single capacitor, N, the number of capacitors connected in parallel and Cr the rated

capacitance of a single capacitor in the bank in uF. (TDK 2019, p. 26.)

The drawback of using resistor balancing is that in ideal situation where the capacitances
and leakage currents of capacitors would be perfectly equal there would still flow a constant
current through the balancing resistors. Losses are created even though there would be no
need for balancing. (TDK 2019, p. 26.)

The leakage current of a capacitor can be represented by a parallel resistance as shown in
figure 1.6. To give an example of how balancing resistors will balance the voltages of two
capacitors connected in series the parallel resistance of the other capacitor can be assumed
to be 1 MQ while the other one is 2 MQ. Then 1 kQ resistors are added in parallel to the

capacitors. The total resistance Rt Of the upper and lower DC-link capacitor is

Rp ' Rba] (2 2)

where Ry, is the parallel resistance modelling leakage current of a capacitor and Rpa is the
resistance of a balancing resistor.

Table 2.1 below lists the total resistances of upper and lower halves of a DC link. One can
observe that when the balancing resistors are added in the circuit the total resistance does
not differ that much anymore. In this example the difference is only approximately 1% and

without the balancing resistors the difference would be approximately 200%.
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Table 2.1. Total resistances of upper and lower halves in a DC-link.

Balancing resistors | Capacitor internal | Total resistance

parallel leakage

resistance
Upper capacitor | 1 kQ 1 MQ 0.999 kQ
Lower capacitor | 1 kQ 2 MQ 1.0 kQ

Using equation (1.6) the voltage division can be calculated and applying it in this case the
voltages across both capacitors can be said to be equal.

Another way to approach dimensioning the balancing resistors would be to determine the
highest possible capacitor leakage current present in the system. Then one can calculate the
voltage deviation between capacitors as

Al
= S—%%.100% @3)
2 Iy

Au

where Au is the voltage deviation of capacitors in percent, Alieak the leakage current deviation
and lg the quiescent current (Ertl et al. 2008, p. 3).

In order to have voltage deviation Au less than 10% using equation (2.3) quiescent current

must be at least 5 times as large as Al. The balancing resistor value Ry can be defined as

Unid (2.4)

where Unmig is the voltage of middle point in a DC-link (Ertl et al. 2008, p. 3).

The method proposed by TDK for calculating required resistance of a balancing resistor
considers the capacitance of a single capacitor and the number of parallel connected
capacitors without need to know the leakage current (TDK 2019, p. 26). In the method
proposed by Ertl et al. (2008, p. 3) estimated leakage current is needed.
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2.2 Active balancing using BJTs

At simplest a balancing circuit in the article by Ertl et al. (2008) consists of a high impedance
voltage divider, transistors and capacitors as shown in figure 2.2. An NPN-type transistor is
used in the upper half of the DC-link and a PNP-type in the lower half. (Ertl et. al 2008, p.
2; TDK 2019, p. 26.)
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Figure 2.2. Principle circuit of active balancing using bipolar or field-effect transistors (Ertl et al.
2003, p. 5. Reproduced with the permission of Ertl. Modified from Ertl).

The active balancing method seen in figure 2.2 resembles the circuit of a B-class amplifier
although no AC-signal is connected in the midpoint of the resistors (Silvonen 2004, pp. 178-
179). In a situation where the upper capacitor has a lower capacitance and a lower leakage
current than the lower capacitor voltage of the upper capacitor will be higher. When the
difference between the voltage across the upper resistor in the voltage divider chain and
upper capacitor will top the threshold voltage of the BJT current will start flowing from the
base to the emitter. Due to the current gain of BJT a higher current will flow from the
collector to the emitter. The voltage divider resistors should be dimensioned in such manner
that the current flowing through them when there is no need for balancing is low compared
to the collector-emitter current of a transistor. Furthermore, a transistor with a large current
gain should be used to ensure a high balancing current from the collector to the emitter. (Ertl
et al. 2008, pp. 3-4.)

Using BJTs for active balancing will set several challenges in the design. One is that it may
be difficult to find a BJT which has a large enough breakdown voltage rating and a high

current gain. To overcome this multiple BJTs can be connected in series to achieve desired
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breakdown voltage capability but doing so will add complexity in the circuit especially if
this method is used for higher number of capacitors connected in series. (Ertl et al. 2008, p.
4.)

Another solution is to use a Darlington-connected BJT in which the emitter of a transistor is
connected to the base of a second transistor. Even though one BJT has a small current gain
using Darlington-connection much larger current gain can be achieved. A drawback of such
a configuration is increased power dissipation as a result of increased forward bias voltage.
(Ertl et al. 2003, p. 5; Mohan et al. 2003, p. 547-548; Niiranen 2001, p. 82.)

Leakage current difference between the upper capacitor and the lower capacitor defines the
need for balancing power. The worst-case scenario would be that the leakage current is at
maximum level only in the other half of the DC-link while in the other no leakage current is
flowing. Required base current for transistor can be approximated using the worst-case
scenario leakage current and equation (1.13). High impedance voltage divider resistances
should be as high as possible not to reduce the performance of the balancing circuit too much

but at the same time keep quiescent losses low. (Ertl et al. 2008, p. 5.)

Achieving a good dynamic performance and low power dissipation in a situation in which
balancing is not needed the balancing circuit should be designed to have a high input
resistance and respectively a low output resistance. According to Ertl et al. (2008, p. 6) the
output resistance Royt can be calculated as

Ry N+1 (2.5)

Rout - ﬁ 4

where Ry, is the voltage divider resistance, N number of cascade connected transistors and

current gain of a transistor. (Ertl et al. 2008, p. 6.)

Equation (2.5) shows that by increasing resistance of the voltage divider or the number of
cascade connected transistors the output resistance of a balancing circuit increases but a

higher current gain reduces it.
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2.3 Active balancing using MOSFETS

The balancing method introduced in the previous subchapter can be realised also by using
MOSFETSs as shown in figure 2.2. Benefits of using MOSFETS instead of BJTs are reduced
number of components, better thermal endurance and lower costs. The MOSFETSs may need
overvoltage protection across the gate and source. This can be done by using two zener
diodes connected back to back between the gate and the source. (Ertl et al. 2008, p. 7; Mohan
et al. 2003, p. 588.)

2.4 Active balancing using a switched capacitor

Switched capacitor method comprises of an additional capacitor which is used for
transferring the energy from the capacitor which has a higher voltage to the capacitor of a
lower voltage in the DC-link (figure 2.3). This method can be easily extended for a DC-link
which has more than two capacitors in series (figure 2.4). Using MOSFETS as switches a
floating capacitor which is used for balancing is connected in turns in parallel with each
capacitor. Using for example relays instead of MOSFETS is not a very practical and long-
term solution because the switches are operated continuously which would shorten the
lifetime of the relays drastically. In the proposed method the switches are operated with open
loop control which means that no measurements are needed. (Pan et al. 2019, p. 1-2.)
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Figure 2.3. Voltage balancing of two series connected capacitors done by switched capacitor method
(Pan et al. 2019, p. 1).
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The losses in the switched capacitor balancing will mainly consist of switching losses (Pan
et al. 2019, p. 2). The internal losses of a capacitor can be neglected as they are significantly
smaller than the aforementioned losses. The article by Pan et al. (2019, p. 7) states that the
switched capacitor balancing is a cost-effective solution as MOSFETs with a large on-
resistance can be used. The switching losses will be low because only a small high frequency
current flows through the MOSFETS and a satisfactory voltage balance between the two

series connected capacitors can be achieved with a 20 W balancing power. (Pan et al. 2019,
p.7)
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Figure 2.4. Voltage balancing of three series connected capacitors done by switched capacitor
method (Pan et al. 2019, p. 1).

Depending on the duty ratio the floating capacitor is connected roughly half of the switching
time period in parallel to one of the capacitors in the DC-link and the current flows through
two MOSFETS. The balancing circuit should be designed so that the time constant of an RC-
circuit consisting of the total on-resistance of two MOSFETS and the floating capacitor is
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smaller than half of the switching time period Tsw. Small time constant ensures that the
floating capacitor has enough time to charge and discharge to the same voltage level of the
DC-link capacitors. (Pan et al. 2019, p. 2-3.)

2.5 Active balancing using a flyback converter-based auxiliary power supply

A flyback converter is split into two circuits, primary and secondary, and a transformer
provides electrical isolation. When the MOSFET is switched on and starts conducting the
diode on the secondary side is reverse biased because of different polarities of the
transformer windings. Energy is then stored in the magnetic field of the transformer. Once
the MOSFET is switched off the energy is released and a current is flowing through the
secondary side diode. (Mohan et al. 2003, pp. 308-310.)

The voltage transfer ratio of a flyback converter can be calculated as

Uout _ NZ D (2'6)

U, N, 1-D

where Uoyt IS the output voltage, Uin the input voltage, N1 number of turns on the transformer
primary winding, N2> number of turns on the transformer secondary winding and D the duty
ratio. (Mohan et al. 2003, pp. 308-309.)

As seen in equation (2.6), by altering the duty ratio the output voltage can be controlled.
Semiconductor manufacturers offer flyback controllers in which most basic functions are
controlling a switch based on the reference voltage and feedback. If the switching frequency
is kept constant then by changing the duty ratio a desired output voltage can be achieved.
Duty ratio is defined as

ton (2.7)

where ton IS the on-time of a switch and Tsw the switching time period. (Mohan et al. 2003,
p. 309.)
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In the patent application by Lounila (1999), balancing of capacitor voltages is done by means
of a flyback converter as seen in figure 2.5. The circuit consists of a transformer which has
a primary winding divided into two parts for the upper and lower halves of the DC-link and
one secondary. Both primaries have a MOSFET and a diode connected in series with them
because a MOSFET can conduct current in both directions when switched on and through
the parasitic diode in source-drain direction when switched off. The secondary side of the
transformer supplies for example auxiliary power for a frequency converter. Usually, the
level of auxiliary voltage is 24 VDC. (Lounila 1999, p. 1-2.)

L
“ = ,
Sy T ‘
Joj -
Uan(C i
L
© =
S,
]

Figure 2.5. Voltage balancing of two capacitors connected in series done by a flyback converter and

supplying the balancing energy to an external circuit (Lounila 1999, p. 1).

The method in question is suitable for balancing voltages of multiple series connected
capacitors (figure 2.6). The switches in figure 2.5 are turned on and off at the same time. For
example, if the upper capacitor of the DC-link has a higher voltage level than the lower,
when the switches are turned on, both primary windings will have the higher voltage level
across them because of the transformer. The diode connected in series with the switch Sy in
figure 2.5 will become reverse biased and no current will flow through the switch So.
(Lounila 1999, p. 3.
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Figure 2.6. Voltage balancing of three capacitors connected in series using a flyback converter
(Lounila 1999, p. 6).

Transformer leakage inductances can cause overvoltages and break components when the
switches are turned off but the transistors can be protected by means of a snubber circuit.
The balancing circuits in figures 2.5 and 2.6 do not comprise such protection circuit. The
patent application by Lounila (1999) only mentions that switches capable of withstanding a
high voltage stress must be used. (Lounila 1999, p. 2; Mohan et al. 2003, p. 680.)

2.6 Active balancing using an LLC-based auxiliary power supply

Shi et al. (2019) propose a method to balance capacitor voltages using an LLC-based
auxiliary power supply and it can be implemented for multiple capacitors connected in
series. The principle balancing circuits for two and three capacitors connected in series are
shown in figures 2.7 and 2.8. The LLC means that the circuit consists of two inductances and

one capacitance. This type of converter is classified as a resonant-switch converter (Mohan
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et al. 2003, p. 274). High switching frequency is used in power supplies to reduce
transformer size which affects the weight, cost and size of the whole converter. Drawback is
high voltage and thermal stress on the switches. In addition, electromagnetic interference or
EMI is generated due to high frequency switch-mode operation. Zero-voltage-switching
(2VS) and zero-current-switching (ZCS) are control methods which together with different
resonant converter topologies can overcome the abovesaid drawbacks. (Mohan et al. 2003,
pp. 249, 251.)

Voltage balancer LLC auxiliary power supply
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Figure 2.7. Voltage balancing of two series connected capacitors using a half-bridge LLC-based

auxiliary power supply (Shi et al. 2019, pp. 1-2).

ZVS means that the switch is turned on or off when the voltage across the switch is zero.
Respectively ZCS operation means that the switch is turned on or off when the current
flowing through the switch is zero. (Mohan et al. 2003, p. 249.)
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Voltage balancer LLC auxiliary power supply
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Figure 2.8. Voltage balancing of three series connected capacitors using a half-bridge LLC-based
auxiliary power supply (Shi et al. 2019, pp. 1-2).

The topology presented in the article by Shi et al. (2019) can be categorized as zero-voltage-
switching clamped-voltage converter (Shi et al. 2019 p. 1; Mohan et al. 2003, p. 280). The
article states that the only additional components needed are small inductors between the
middle points of series connected capacitors and half-bridge converter legs. The balancing
inductor should be designed in such way that the zero-voltage switching (ZVS) is achieved.
Balancing circuit is connected across every two successive capacitors and inductors added
in the middle points which enables use of this method for multiple capacitors connected in
series. As the half-bridge converter is open loop controlled no measurements are required.
The converter is frequency modulated with a fixed 50% duty cycle. (Shi et al. 2019, pp. 1-
2)
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3 SIMULATION OF BALANCING METHODS

Simulation of each balancing method presented in the previous chapter was executed using
the LTspice simulation software. The LLC-based auxiliary power supply voltage balancer
was excluded from the simulations because all the values of the resonant tank are not
mentioned in the article by Shi et al. (2019). Dimensioning a resonant tank is not a simple
procedure and is not in the scope of the thesis. Table 3.1 lists the common initial parameters
which were used in every simulation. The DC-link of a frequency converter having a
nominal power in the range of 30 kW to 45 kW was used as a reference in every simulation.
Originally the reference DC-link has three capacitors in parallel and they are in series with
another set of three parallel capacitors. For the simulation models the reference DC-link was
extended to have also a third set of capacitors in series with the previous ones. To simplify
the simulation model the capacitances, parallel resistances and ESRs of the parallel

connected capacitors were summed up as shown in figure 3.1.
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Figure 3.1. Simplification of the extended reference DC-link.

The rated capacitance of an aluminium electrolytic capacitor used in the simulations is 1250
WF and its rated voltage is 400 V. Supply voltages used in the simulations were selected so
that the voltage across each capacitor in the DC-link is the rated voltage of the capacitor

when the voltages are in balance. In reality, the operating voltage across one capacitor will
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be lower but using the rated voltage of a capacitor in the calculations will result in a higher
leakage current which will give some margin as the effect of higher operation temperature
has not been considered. Calculations of total ESR and parallel resistances can be found in

appendix I.

The main components in the simulation models are the DC voltage source, the charging
resistor and the DC-link. The simulation models based on the switched capacitor and the
flyback converter have an extra circuit which shorts the charging resistor after the DC-link
has been charged. This way the charging resistor will not affect the total time constant of the
circuit. The switches are operated with a high switching frequency and a higher time constant

would affect the performance of the balancing circuit during transients.

At the beginning of every simulation the DC-link is charged from 0 V to Uin (table 3.1).
Balancing methods done by using resistors, BJTs and MOSFETSs do not have a circuit which
bypasses the charging resistor and the balancing circuit is active right from the start of the
simulation. The switched capacitor and flyback converter balancing circuits are started after

500 ms and at the same time the charging resistor is bypassed.

In each simulation the higher voltage is always across the upper capacitor of the DC-link.
Because the P-type BJT and MOSFET models used in the simulations do not have identical
ratings as the N-types the operation of balancing circuit was verified also in a situation in
which the higher voltage was across the lower half of the DC-link. The switched capacitor
and flyback converter balancing methods have symmetrical components in the models and
therefore higher voltage being across a different capacitor does not affect the performance.
All the LTspice simulation models and measurement statements can be found in appendix
Il.
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Table 3.1. Common simulation parameters.

Name Symbol Value

Supply voltage Uin 800 V 2 capacitors in series
Supply voltage Uin 1200 V 3 capacitors in series
Charging resistor - 50 Q

Capacitance 1 C1 3375 pF -10% of nominal
Capacitance 2 C 3750 pF Nominal
Capacitance 3 Cs 4313 pF +15% of nominal
Parallel resistance 1 | Rpz 1.17 MQ

Parallel resistance 2 | Rp2 1.06 MQ

Parallel resistance 3 | Rp3 0.92 MQ

ESR1-3 ESRn 6 mQ

Because the LTspice software compresses simulation data by default, in order to minimize

the data losses, the settings in table 3.2 were used.

Table 3.2. Compression settings in the control panel of LTspice.

Only compress transient analyses Not selected
Enable 1% Order Compression Not selected
Enable 2" Order Compression Not selected

In the instructions of LTspice it is recommended to turn off compression using Spice
directive command .options plotwinsize=0. This command was included in every simulation
model. SPICE-settings in LTspice control panel shown in table 3.3 were not changed from

default except the solver.
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Table 3.3. LTspice SPICE-settings in the control panel.

Default integration method Modified trap
Default DC solve strategy

Noopiter Not selected
Skip Gmin Stepping Not selected
Engine

Solver Alternate
Max threads 12

Matrix compiler Obiject code
Thread priority Medium
Gmin 1e-012
Abstol 1le-012
Reltol 0.001
Chgtol le-014
Trtol 1

Volttol 1e-006
Sstol 0.001
MinDeltaGmin 0.0001
Accept 3K4 as 3.4K Selected

No Bypass Selected

The values in table 3.4 were measured using LTspice measurement statements (appendix

[11) in each simulation.

Table 3.4 Measured values in the simulations.

Name Variable Unit
Peak voltage of the DC-link Ubc Vv

Peak voltage of the upper capacitor of the DC-link Ubcy

Peak voltage of the middle capacitor of the DC-link | Upcz

Peak voltage of the lower capacitor of the DC-link Ubcs

< <l < <

Energy of balancing circuit in dynamic situation Edyn
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Energy of balancing circuit in static situation Estatic J

Balancing time thal S

The dynamic situation Eqgyn mentioned in table 3.4 means the time period starting from the
instant balancing circuit is active until the voltage difference between the DC-link capacitors
reaches +10 V. Static situation Esttic iS from that point until the end of simulation. Energies
in both situations could be obtained by integrating the power of components in the balancing

circuit. Then the average power for both time periods can be calculated as

E 3.1)

Pavg = A_t

where Payg is the average power, E the energy and At the time interval.

3.1 Resistor balancing
In table 3.5 are presented the additional parameters used specifically in the resistor balancing

models. The components and their values are listed in table 3.5. The values of balancing

resistors are according to the reference DC-link.

Table 3.5. Additional parameters used in the resistor balancing simulations.

Name Symbol Value
Simulation time 500s
Balancing resistor 1 Rb1 19.8 kQ
Balancing resistor 2 Rb2 19.8 kQ
Balancing resistor 3 Rb2 19.8 kQ

3.2 Active balancing using BJTs

The LTspice component library did not have suitable BJTs for the simulation model but ones
with suitable ratings could be found on the website of ON Semiconductor. In addition to the
DC-link and BJTs the model consists of voltage divider chain supplying base current for
BJTs, collector resistors and emitter resistors. When checking the current-voltage

characteristics of the BJT models using LTspice the current gain was growing in unexplained
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manner. The current gain of BJT models was fixed to 100 not to have too optimistic results.

The components and their values are listed in table 3.6.

Table 3.6. Additional parameters used in the BJT active balancing simulations.

Name Symbol Value
Simulation time with 2 capacitors 500s
Simulation time with 3 capacitors 700 s
Voltage divider resistor 1 Rbi1_1-Rb1 4 1 MQ
Voltage divider resistor 2 Rb2_1- Rb2 4 1 MQ
NPN BJT Q1-Q2 MJE15034
PNP BJT Q3-Q4 MJE15035
Collector resistor Rc 0.1Q
Emitter resistor Re 0.1Q
Current gain i 100

Each capacitor is connected in parallel with two BJT stages and to minimize the quiescent
current a1 MQ voltage divider resistor was used. Inserting the number of BJT stages, current
gain £ and the value of the voltage divider resistor in equation (2.5) gives a 7.5 kQ output
resistance which is approximately 99% smaller than the input resistance. The collector and
emitter resistances do not have significant effect on the operation or losses because the values
are small. They were only added for measurement purposes and in case they must be used

for current limitation.

3.3 Active balancing using MOSFETs

The MOSFET models used in the simulations were downloaded from the website of ON
Semiconductor. VVoltage divider chain supplies gate voltage for the MOSFETSs and two zener
diodes by Rohm from LTspice component library were connected back to back between the
source and the drain for an overvoltage protection (Mohan et al. 2003, p. 588). The

components and their values are listed in table 3.7.
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Table 3.7. Additional parameters used in the MOSFET active balancing simulations.

Name Symbol Value
Simulation time with 2 capacitors 500 s
Simulation time with 3 capacitors 700 s

Voltage divider resistor 1 Rbi1_1-Rb1 4 1 MQ

Voltage divider resistor 2 Rb2_1- Rb2_4 1 MQ
N-Channel MOSFET M1, M2, M5, M6 | FQP16N25
P-Channel MOSFET M3, M4, M7, M8 | FQP9P25
Gate-source overvoltage protection D1-D16 BZX84B20VL
Drain resistor Rb 0.1 Q

Source resistor Rs 2 kQ

The same size voltage divider resistors were used in the simulations as in the BJT balancing
circuits. The need for overvoltage protection can be seen in figure 3.2. When there is a higher
voltage across the upper capacitor of the DC-link the maximum Ugs (£30 V) of the inner
MOSFET M3 in the lower half is exceeded. The other MOSFETS have approximately 5 V

Ugs in the same situation which is well below the maximum rating.

V(N006,N009) V(N012,NO15) V(NO18,N017) V(N023,N021)

50V
AR
40v-
35V-
30V-
25V-
20V-
15V
10V
5V
0V

-5V T T T T T T T | T
0s 2s 4s 6s 8s 10s 12s 14s 16s 18s 20s

Figure 3.2. The effect of different size source resistors on the Ugs simulated using the step-command
in LTspice. Black trace is the Ugs of M1, blue the Ugs of M2, red the Ugs of M3 and green the Ugs
of M4. The zener diodes were disconnected during this simulation. The value of resistor changed in
increments of 500 Q starting from 500 Q until 5 kQ.
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In figure 3.2 as the source resistor value increases the peak Ugs of M3 increases slightly and
when the voltage starts to decrease the slope is more gradual. Figure 3.3 shows the current
of the inner source resistor of the upper half of the DC-link with different resistance values.
As the resistor value increases the current reduces. To smooth out the operation and to limit

the current during balancing a 2 kQ source resistor was chosen.

The zener diodes type BZX8420VL in the circuit will cut the voltage at 20 V after which
current starts flowing in reverse direction. The measured currents through the zener diodes
were in the range of 1...5 pA being insignificant compared to the other currents present in
the circuit.

I(Rs1)

T T T T T
Os 2s 4s 6s 8s 10s 12s 14s 16s 18s 20s

Figure 3.3. The effect of different size source resistors on the balancing circuit current simulated
using the step-command in LTspice. The value of resistor changed in increments of 500 Q starting
from 500 Q until 5 kQ.

3.4 Active balancing using a switched capacitor

To simplify the simulation model voltage-controlled switches were used instead of MOSFET
models. An N-channel MOSFET type STW11NK100Z by STMicroelectronics was used as
a reference but the on-resistance was increased to 10 Q (Pan et al. 2019, p. 3). In the
simulation model the switches were operated by pulse voltage sources but in reality, an
integrated PWM controller such as UC1524A would be used for regulating the output
voltage (Mohan et al. 2003, pp. 303, 341). Diodes were added in parallel with the voltage-
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controlled switches to represent the parasitic diode of a MOSFET (figure 1.17). Capacitance
of the floating capacitors Cs1 and Cr. is the same as in the article by Pan et al. (2019). A
lower duty ratio than in the article by Pan et al. (2019) was selected to ensure a short blanking

time between the operation of voltage-controlled switch groups.
Blanking time is needed between turn-on instants of different switches to avoid a situation

known as shoot through which will happen if the switches are conducting at the same time

(Mohan et al. 2003, p. 237). The components and their values are listed in table 3.8.

Table 3.8. Additional parameters used in the switched capacitor balancing simulations.

Name Symbol Value

Simulation time with two series connected 35s

capacitors

Simulation time with three series connected 35s

capacitors

Time to start data saving 05s

Floating capacitor 1 Cn 1 pF (Pan et al. 2019, p. 3)
Floating capacitor 2 Cr 1 pF (Pan et al. 2019, p. 3)
Floating capacitor 1 parallel resistance Rpcf1 2 MQ

(leakage current)

Floating capacitor 2 parallel resistance Rpct2 2 MQ

(leakage current)

Voltage-controlled switch (MOSFET) on- 10 Q (Pan et al. 2019, p. 3)

resistance (S3-S8)

Parasitic diode (DBody) on-resistance 10 Q (Pan et al. 2019, p. 3)

Switching frequency fsw 10 kHz (Pan et al. 2019, p.
3)

Duty ratio D 0.48 (Pan et al. 2019, p. 2)

In table 3.8 the time to start data saving is the moment when the balancing circuit is started
after the DC-link has been charged. The time constant of the RC-circuit formed by a single
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floating capacitor and the total on-resistance of two MOSFETS calculated by equation (1.10)
is 20 ps.

3.5 Active balancing using a flyback converter-based auxiliary power supply

Voltage controlled switches and diodes in parallel with them were used in this simulation
model. An N-channel MOSFET type STW11NK100Z by STMicroelectronics was used as a
reference. The transformer model has only magnetizing inductances and the coupling
coefficient between them is 1. Transformer leakage inductances and the parasitic
capacitances between drain, source and gate of a MOSFET were not included in the model.
These parasitic components can create resonances and overvoltages during transients and
would add complexity in the model. To calculate the magnetizing inductances of the
transformer used in the simulation model the duty ratio and switching frequency were fixed.

The on- and off-times of the transistor are calculated as

ty =Tsw D (3.2)

where t; is the on-time of a transistor and

tp =Tsw—t1 (33)

where t; is the off-time of a transistor. (Laurila 2017, p. 1.)

The transformation ratio is calculated as

Uin ) tl (34)
Uout " t2

ﬂ:

where W is the transformation ratio of a transformer (Laurila 2017, p. 1).

The load current can be assumed to be equal to the average diode current which yields the
following equation (Laurila 2017, p. 1; Mohan et al. 2003, pp. 308-310).



iout -t (35)
I t — 2 :
0]

u TS

w

In equation (3.5) lout Is the average load current and Tout is the peak load current (Laurila
2017, p. 1).

The peak load current can be calculated by rearranging equation (3.5) as follows (Laurila
2017, p. 1).

_ 2 Iout " Tsw (3.6)
The following equation shows that the primary and secondary current of a transformer can

be calculated if the number of turns of primary and secondary windings are known (Laurila
2017, p. 1).

Ni-I; =Ny I (3.7)

Based on equation (3.7) the peak supply current can be calculated using the transformation
ratio (Laurila 2017, p. 1).

low (38)

In equation (3.8) Tin is the peak supply current. (Laurila 2017, p. 1.)

When a transistor is switched on the supply current starts to rise from 0 A to the peak value
calculated by equation (3.8). Using the peak supply current and the transistor on-time one

can calculate the rate of change of supply current as

A, = in (3.9)
ty
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where Alin is the rate of change of the peak supply current (Laurila 2017, p. 2).

When the transistor is switched off and the energy stored in the transformer starts to flow
through the forward biased diode on the secondary side of the circuit the rate of change of

the output current can be calculated as

Lout (3.10)

where Aoyt IS the rate of change of peak load current (Laurila 2017, p. 2).

As the rate of change of both supply and output currents have been obtained, they can be
used for calculating transformer magnetizing inductances (Laurila 2017, p. 2).

Uiy (3.11)
A’iin

L1:

In equation (3.11) L is the magnetizing inductance of transformer primary winding (Laurila
2017, p. 2).

Uout (3-12)
L, =——
Algye

In equation (3.12) L» is the magnetizing inductance of transformer secondary winding
(Laurila 2017, p. 2).

Because in this balancing method the primary side consists of more than one winding in
series the mutual inductance between them must be considered. In the flyback converter
balancing circuit the primary windings are oriented in the same direction so the dot
conventions of each winding are on the same side. The mutual inductance of the primary

windings can be calculated as
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where M is the mutual inductance and k is the coupling coefficient (Silvonen 2008, p. 379-
380).

Because the primary windings have equal inductance the mutual inductance is equal to the
magnetizing inductance of one primary winding. One can see in table 3.9 that the coupling
coefficient is set to 1. When the mutual inductance is considered the total magnetizing
inductance can be obtained as

LtOt = Ll + Ll + 2 - M (314)

where Lt is the total magnetizing inductance of the transformer primary side (Silvonen
2008, p. 379-380).

Rearranging equation (3.14) and substituting M for L1 the magnetizing inductance of one

primary winding can be calculated as follows.

, = Lot (3.15)

4

In addition to table 3.1 the values used specifically in the flyback converter balancing
simulations are listed in table 3.9. Calculations of transformer magnetizing inductances can

be found in appendix II.
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Table 3.9. Additional parameters used in the flyback converter balancing simulations.

Name Symbol Value
Simulation time with two series connected capacitors 35s
Simulation time with three series connected capacitors 35s
Time to start data saving 05s
Transformer primary winding 1 inductance L1 1.07 mH
Transformer primary winding 2 inductance L2 1.07 mH
Transformer primary winding 3 inductance Ls 1.07 mH
Transformer secondary winding inductance L4 8.64 pH
Transformer winding coupling coefficient k 1.00
Secondary side filter capacitor Cs 100 pF
Load resistance Ri 4.8Q
Voltage-controlled switch (MOSFET) on-resistance 1.38 Q
(S3-S5)

Parasitic diode (DBody) on-resistance 1.38 Q
Switching frequency fsw 100 kHz
Duty ratio D 0.4

In table 3.9 the time to start data saving is the moment when the balancing circuit is started

after the DC-link has been charged.
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4 SIMULATION RESULTS

Primarily the power dissipation and time needed for balancing are of interest. The
aforementioned results can be seen in tables 4.1-4.10 among the peak capacitor voltages.
Average power dissipations have been calculated from the energies of dynamic and static

situations using equation (3.1). The measurement data can be found in appendix IV.

4.1 Resistor balancing

Table 4.1. Results of the resistor balancing simulation with two series connected capacitors.

Name Symbol Value
Balancing time thal 3.06 min
Energy of dynamic situation, 0 s t0 tpal Edyn 2.959 kJ
Energy of static situation, tya to 500 s Estatic 5.107 kJ
Energy of static situation in a year Estatic y 509 MJ,
142 kWh
Average power dissipation in dynamic situation Pavg,dyn 16.12 W
Average power dissipation in static situation Pavg,static 16.14 W
Peak voltage of the DC-link Ubc 800 V
Peak voltage of the upper capacitor of the DC-link | Upc1 448.0 V
Peak voltage of the lower capacitor of the DC-link | Upcz 399.0 V

Figure 4.1 shows how the balancing resistors balance the voltages of two series connected
capacitors. After approximately 3 minutes the difference between the capacitor voltages is
around 10 V.
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V(N001,N005) V(n005) V(N001,N005)-V(N005)

oV

i T T T T T T 1 T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s

Figure 4.1. The voltage of the upper capacitor (black) and the lower capacitor (blue) in the DC-link.

The green trace is the difference between the voltages.

Figure 4.2 shows that when there is a higher voltage across the upper half of the DC-link the
balancing current is also higher in that half. A 20 mA quiescent current remains after the

capacitor voltages have been balanced.

I(Rbal1) | I(Rbal2)

T T T T | T I T T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s

Figure 4.2. The balancing resistor currents.
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Table 4.2. Results of the resistor balancing simulation with three series connected capacitors.

Name Symbol Value
Balancing time thal 2.92 min
Energy of dynamic situation, 0 s t0 thal Edyn 4.238 kJ
Energy of static situation, toa to 500 s Estatic 7.869 kJ
Energy of static situation in a year Estatic y 764 MJ,
212 kWh
Average power dissipation in dynamic situation Pavg,dyn 2420 W
Average power dissipation in static situation Pavg static 24.22 W
Peak voltage of the DC-link Unc 1199 V
Peak voltage of the upper capacitor of the DC-link Ubci 446.7V
Peak voltage of the middle capacitor of the DC-link | Upcz 402.6 V
Peak voltage of the lower capacitor of the DC-link Ubcs 398.8V

In figure 4.3 are shown the voltages of three series connected capacitors. The voltages are

balanced approximately in 3 minutes.

V(N001,N005) V(N0O05,N008)
500V V(n008) 400-ABS(V(N001,N005)-V(N005,N008)-V(N008))
450V
400V- T —
350v—//—-
300V
250V—
200V
150V-
100V—
50V—\
oV T T T U T T T L T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s

Figure 4.3. The voltage of the upper capacitor (black), the middle capacitor (blue) and the lower

capacitor (red) in the DC-link. The green trace is the difference between the voltages.

Figure 4.4 shows the balancing resistor currents throughout the simulation. Higher current

flows through the balancing resistor in the upper half of the DC-link when there is imbalance
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between the capacitor voltages. After the voltage balance is reached approximately in 3

minutes a 20 mA quiescent current keeps flowing.

24mA I(Rbal1) (Rbal2) (Rbal3)
22mA—\
20mA- ——
18mA—///~_——_
16mA—
14mA-
12mA-
10mA—
8mA—
6mA—
4mA—
2mA—
OmA: T T T T T T T T T
0s 50s 100s  150s  200s  250s  300s  350s  400s  450s  500s
Figure 4.4. The balancing resistor currents.
4.2 Active balancing using BJTs
Table 4.3. Results of the BJT balancing simulation with two series connected capacitors.
Name Symbol Value
Balancing time thal 5.11 min
Energy of dynamic situation, 0 s to tpal Eayn 201.4]
Energy of static situation, toato 500 s Estatic 4541
Energy of static situation in a year Estatic_y 7.4 MJ, 2 kWh
Average power dissipation in dynamic situation Pavg.dyn 0.657 W
Average power dissipation in static situation Pavg,static 0.235 W
Peak voltage of the DC-link Unc 800.5 V
Peak voltage of the upper half of the DC-link Ubc1 448.6 V
Peak voltage of the lower half of the DC-link Ubcz 397.7V

Figure 4.5 presents how the capacitor voltages are balanced approximately in 5 minutes

using BJTs.
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480V V(N001,N008) V(n008) V(N001,N008)-V(N008)
Vsl
400V
OV —
320V
280V
240V
200V
160V—
120V

80V—

4ov—\

oV T T T T T T T L
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s

Figure 4.5. The voltage of the upper half (black) and the lower half (red) of the DC-link. The red

trace is the difference between the voltages.

In figure 4.6 are shown the emitter currents of the inner BJTs (closer to the middle point of
the DC-link) in the balancing circuit. The red trace in figure 4.6 is the current of the voltage
divider chain. Because the upper half of the DC-link has a higher voltage it can be observed
in figure 4.6 that the emitter current of the BJT in that half is higher. The current of the BJT
in the lower half is 0 A. After the capacitor voltages have been balanced only approximately

a 0.25 mA quiescent current keeps flowing through the voltage divider chain.
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3.50mA I(Re1) I(Re2) I(Rb1_1)

3.25mA—
3.00mA-
2.75mA—
2.50mA—
2.25mA-
2.00mA-
1.75mA-
1.50mA-
1.25mA-
1.00mA-
0.75mA—
0.50mA—
0.25mA:
0.00mA:

T T T T T T T T T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s

Figure 4.6. The emitter currents of the BJTs and the current of the voltage divider chain.

Table 4.4. Results of the BJT balancing simulation with three series connected capacitors.

Name Symbol Value
Balancing time thal 8.28 min
Energy of dynamic situation, 0 s to tpal Eayn 391.3J
Energy of static situation, tya to 700 s Estatic 92.90J
Energy of static situation in a year Estatic_y 14.4 MJ, 4 KWh
Average power dissipation in dynamic situation Pavg,dyn 0.788 W
Average power dissipation in static situation Pavg static 0.457 W
Peak voltage of the DC-link Ubc 1200 V
Peak voltage of the upper capacitor of the DC-link | Upc: 4475V
Peak voltage of the middle capacitor of the DC-link | Upcz 402.6 V
Peak voltage of the lower capacitor of the DC-link | Upcs 400.8 V
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Figure 4.7 shows the voltage balancing of three series connected capacitors using BJTs. The

capacitor voltages are balanced approximately in 8 minutes.

V(NOO1,NO10) V(NO010,N024)
500V V(n024) 400-ABS(V(N001,N010)-V(N010,N024)-V(N024))
450V———.________________¥
400V- ————
sovd—
300V—
250V
200V—
150V
100V
5ov—\
oV

T T T T T T T T T T T T T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s 550s 600s 650s 700s

Figure 4.7. The voltage of the upper capacitor (black), the middle capacitor (blue) and the lower
capacitor (red) in the DC-link. The green trace is the difference between the voltages.

Figure 4.8 shows the emitter currents of each inner emitter resistor of the same simulation
as in figure 4.7. The circuit consists of two voltage divider chains and their currents can be
seen in figure 4.9.

2.00mA (Re1) (Re2) I(Re3) I(Red)

1.75mA-

1.50mA-

1.25mA-

1.00mA—

0.75mA—

0.50mA—

0.25mA—
. -
0.00mA:

-0.25mA:

T T T T T T T T T T T T T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s 550s 600s 650s 700s

Figure 4.8. The emitter currents of the BJTs.
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250uA I(Rb1_1) I(Rb1_3)
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200pA T

175pA-
150pA-
125pA-
100pA-
75uA-
50pA-
25uA-
OpA:

T T T T T T T T T T T T T
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s 550s 600s 650s 700s

Figure 4.9. The currents of the voltage divider chains.

4.3 Active balancing using MOSFETSs

Table 4.5. Results of the MOSFET balancing simulation with two series connected capacitors.

Name Symbol Value
Balancing time thal 1.407 min
Energy of dynamic situation, 0 s to tpal Edyn 160.5J

Energy of static situation, teato 700 s Estatic 88.64 J

Energy of static situation in a year Estatic_y 6.7 MJ, 1.9 kWh
Average power dissipation in dynamic situation Pavg,dyn 1.902 W
Average power dissipation in static situation Pavgstatic 0.213W

Peak voltage of the DC-link Ubc 800.5 V

Peak voltage of the upper half of the DC-link Ubc1 448.0 V

Peak voltage of the lower half of the DC-link Ubcz 395.6 V

In figure 4.10 capacitor voltages are balanced approximately in 1.4 minutes using
MOSFETs. The currents of resistors connected to the sources of the inner MOSFETS are

shown in figure 4.11.
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V(N001,N009) V(n009) V(N001,N009)-V(NO09)
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450V

400V
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Figure 4.10. The voltage of the upper half (black) and the lower half (blue) of the DC-link. The green

trace is the difference between the voltages.

In figure 4.11 a higher current is flowing through the MOSFETSs in the upper half of the DC-
link during the voltage imbalance. Figure 4.11 shows a small current flowing through the
voltage divider chain.

10mA I(Rs1) I(Rs2) I(Rb1_1)

9ImA-

8mA—
TmA—
6mA—
5mA-
4mA-
3mA-
2mA—
1mA—

omA: — |

-1mA:

T T T T T T T T T
Os 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s

Figure 4.11. The source currents of the MOSFETS.
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Table 4.6. Results of the MOSFET balancing simulation with three series connected capacitors.

Name Symbol Value
Balancing time thal 3.54 min
Energy of dynamic situation, 0 s t0 thal Edyn 288.6 J
Energy of static situation, tya to 700 s Estatic 232.8J
Energy of static situation in a year Estatic y 15 MJ,
4.2 KWh
Average power dissipation in dynamic situation Pavg,dyn 1.357 W
Average power dissipation in static situation Pavg static 0.478 W
Peak voltage of the DC-link Unc 1200 V
Peak voltage of the upper capacitor of the DC-link Ubci 447.0V
Peak voltage of the middle capacitor of the DC-link | Upcz 402.2V
Peak voltage of the lower capacitor of the DC-link Ubcs 403.2V

Figure 4.12 shows voltage balancing of three series connected capacitors using MOSFETSs.

The balance is achieved approximately in 3.5 minutes.

V(N001,N012) V(N012,N029)

500V V(n029) 400-ABS(V(N001,N012)-V(N012,N029)-V(N029))

450V

400V—

~—_
350v—/ﬁ

300V—

250V—
200V—
150V
100V— :

50V—\

ovV-

1 I I 1 1 1 I 1 1 I 1 1 I
0s 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s 550s 600s 650s 700s
Figure 4.12. The voltage of the upper capacitor (black), the middle capacitor (blue) and the lower

capacitor (red) in the DC-link. The green trace is the difference between the voltages.
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Figure 4.13 illustrates the currents of the resistors connected to the source of each inner
MOSFET in the balancing circuit. The blue trace is not visible in figure 4.13 as it is

overlapping with the green trace.

I(Rs1) I(Rs2) I(Rs3) I(Rs4)

10mA:
9mA—
8mA—
TmA—
6mA—
5mA—
4mA-—
3mA—
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1mA—
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-1mA:
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Os 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s 550s 600s 650s 700s

Figure 4.13. The source currents of the MOSFETS.

The currents of both voltage divider chains in the circuit are shown in figure 4.14.

250uA I(Rb1_1) I(Rb1_3)

225uA

200pA
175pA-

150pA-
125pA-
100pA-
75pA-
50pA-
25pA-

OpA

T T T T T T T T T T T T T
Os 50s 100s 150s 200s 250s 300s 350s 400s 450s 500s 550s 600s 650s 700s

Figure 4.14. The currents of the voltage divider chains.
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4.4 Active balancing using a switched capacitor

Table 4.7. Results of the switched capacitor balancing simulation with two series connected

capacitors.
Name Symbol Value
Balancing time thal 0.494 s
Energy of dynamic situation, 0 s to thal Edyn 10.03J
Energy of static situation, tpa t0 3 S Estatic 1.876J
Energy of static situation in a year Estatic_y 23.6 MJ,
6.6 KWh
Average power dissipation in dynamic situation Pavg.dyn 20.31'W
Average power dissipation in static situation Pavg static 0.749 W
Peak voltage of the DC-link Unc 800.2 V
Peak voltage of the upper capacitor of the DC-link Ubct 446.6 V
Peak voltage of the lower capacitor of the DC-link Ubcz 400.1V

Figure 4.15 shows how the switched capacitor balancing circuit balances the capacitor

voltages. The balance is achieved approximately in 0.5 seconds.
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0.0s 0.3s 0.6s 3.0s

Figure 4.15. The voltage of the upper capacitor (black) and the lower capacitor (blue) in the DC-

link. The green trace is the difference between the voltages.
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Figure 4.16 shows the power of the floating capacitor circuit. The power has a high

frequency ripple which is not visible in figure 4.16 because of the large time scale. That is

why the power appears as a large and uniform dark area in figure 4.16.
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Figure 4.16. The power of the floating capacitor circuit.

3.0s

In figure 4.17 in the top plot can be seen voltage of the floating capacitor. The second plot

from the top shows the control pulses of the voltage-controlled switches in the simulation

model. The two bottom plots present the currents of the voltage-controlled switches. Figure

4.17 shows the situation where the balancing circuit modulation is started after the DC-link

has been charged.
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Figure 4.17. The floating capacitor voltage, the gate voltage pulses and the currents of the switches

in dynamic situation.

Respectively, figure 4.18 illustrates the same traces as figure 4.17 but from a situation where
the voltage balance has been achieved.

V(NOO5,N010)

450V

400V

3233 V(1) V(2)

10V

2':: 1(S3) I(S5)

OmA-— ,Ii b =
'gmﬁ 1(S4) 1(S6)
-2mA

T T T T T T T
2.000000s 2.000025s 2.000050s 2.000075s 2.000100s 2.000125s 2.000150s 2.000175s 2.000200s

Figure 4.18. The floating capacitor voltage, the gate voltage pulses and the currents of the switches

in static situation.

Switches S3 and S5 are turned on and off at the same time and respectively switches S4 and

S6. Part of the current is flowing through the forward conducting parasitic diode, and
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therefore there is a difference between the currents of simultaneously operated switches as

seen in figures 4.17 and 4.18.

Table 4.8. Results of the switched capacitor balancing simulation with three

series connected

capacitors.
Name Symbol Value
Balancing time thal 0.873s
Energy of dynamic situation, 0 s to tpal Eayn 11147
Energy of static situation, tpa t0 3 S Estatic 2.474 )
Energy of static situation in a year Estatic y 36.7 MJ,
10.2 kWh

Average power dissipation in dynamic situation Pavg,dyn 12.76 W
Average power dissipation in static situation Pavgstatic 1.163 W
Peak voltage of the DC-link Ubc 1200 V
Peak voltage of the upper capacitor of the DC-link Ubci 4471V
Peak voltage of the middle capacitor of the DC-link Upbcz 4025V
Peak voltage of the lower capacitor of the DC-link Ubcs 400.0 V

In figure 4.19 the switched capacitor balancing method is used for balancing the voltages of

three series connected capacitors. The voltage balance is achieved approximately in 0.9

seconds.
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Figure 4.19. The voltage of the upper capacitor (black), the middle capacitor (blue) and the lower

capacitor (red) in the DC-link. The green trace is the difference between the voltages.

Figure 4.20 shows the powers of both floating capacitor circuits. Like in figure 4.16 the

power traces have a high frequency ripple which makes them appear as large and uniform

areas.
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Figure 4.20. The powers of floating capacitor circuits 1 and 2.
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Figure 4.21 shows starting from the top the floating capacitor voltages, the control voltage
pulses of the voltage-controlled switches and the currents of the voltage-controlled switches.

Respectively the same traces of the static situation are shown in figure 4.22.
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Figure 4.21. The voltages of the floating capacitors, the gate voltage pulses and the currents of the

switches in dynamic situation.
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Figure 4.22. The voltages of the floating capacitors, the gate voltage pulses and the currents of the

switches in static situation.
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Switches S3, S5 and S7 are turned on and off at the same time and respectively switches S4,
S6 and S8. Part of the current is flowing through the forward conducting parasitic diode, and
therefore there is difference between the currents of simultaneously operated switches as

seen in figures 4.21 and 4.22.

4.5 Active balancing using a flyback converter-based auxiliary power supply
The energies and power dissipations in tables 4.9 and 4.10 include only the losses of switches
and diodes. The power of transformer windings, load resistance and filter capacitor are not

included.

Table 4.9. Results of the flyback converter voltage balancing simulation with two series connected

capacitors.
Name Symbol Value
Balancing time thal 1.048 s
Energy of dynamic situation, 0 s to tpal Eayn 12.28 ]
Energy of static situation, tpa t0 3 S Estatic 20.29J
Energy of static situation in a year Estatic y 328 MJ,
91.2 kWh

Average power dissipation in dynamic situation Pavg,dyn 11.72 W
Average power dissipation in static situation Pavg static 10.40 W
Peak voltage of the DC-link Unc 800.8 V
Peak voltage of the upper capacitor of the DC-link Upbc1 448.4V
Peak voltage of the lower capacitor of the DC-link Ubcz 400.4 V

Balancing of the capacitor voltages using a flyback converter is shown in figure 4.23. The
voltage balance is reached approximately in one second. The powers of both voltage-
controlled switches throughout the simulation can be seen in figure 4.24. Both power traces
have a high frequency ripple, so they appear the same way as in switched capacitor balancing
(figures 4.16 and 4.20).
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Figure 4.23. The voltage of the upper capacitor (black) and the lower capacitor (blue) in the DC-

link. The green trace is the difference between the voltages.

V(N009,N008)*I(S3)

250W
200

150

100

50
oW

250W -V(N015)*I(S4)
200W-
150W—
100W-
50W—
oW 1 1 1 I
0.00s 0.25s 0.50s 0.75s 1.00s 1.25s 1.50s 1.75s 2.00s

Figure 4.24. The powers of voltage-controlled switches on the primary side of the circuit over the

whole simulation time.
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In figures 4.25 and 4.26 the control voltage pulses of voltage-controlled switches can be seen
in the top plots. The middle plot shows the currents of the diodes connected in series with
the voltage-controlled switches of both upper and lower DC-link halves. In the bottom plot
can be seen the diode and load resistor currents of the transformer secondary side circuit.
Figure 4.25 shows the dynamic situation and figure 4.26 the static situation in which the

voltage balance has been achieved.
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Figure 4.25. The gate voltage pulses, the currents of the diodes connected in series with the switches
and the currents of the diode and load resistor on the secondary side of the flyback transformer in

dynamic situation.

Load current is 5 A as was set as an initial condition when the flyback transformer
magnetizing inductances were calculated (appendix I1). The load current is at the same level
in both dynamic (figure 4.25) and static (figure 4.26) situations.
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Figure 4.26. The gate voltage pulses, the currents of the diodes connected in series with the

switches and the currents of the diode and load resistor on the secondary side of the flyback

transformer in static situation.

Table 4.10. Results of the flyback converter voltage balancing simulation with three series connected

capacitors.
Name Symbol Value
Balancing time thal 1.503s
Energy of dynamic situation, 0 s to thal Edyn 18.17J
Energy of static situation, tpa to 3 s Estatic 16.67 J
Energy of static situation in a year Estatic y 351 MJ,
98 kWh
Average power dissipation in dynamic situation Pavg.dyn 12.08 W
Average power dissipation in static situation Pavg static 11.14 W
Peak voltage of the DC-link Ubc 1200 V
Peak voltage of the upper capacitor of the DC-link Ubct 4473V
Peak voltage of the middle capacitor of the DC-link | Upc2 418.2V
Peak voltage of the lower capacitor of the DC-link Ubcs 400.3 V
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In figure 4.27 the voltage balance of three capacitors connected in series is reached

approximately in 1.5 seconds using a flyback converter.
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Figure 4.27. The voltage of the upper capacitor (black), the middle capacitor (blue) and the lower
capacitor (red) in the DC-link. The green trace is the difference between the voltages.

Figure 4.28 illustrates the power of each voltage-controlled switch. All the power traces have
a high frequency ripple like in figure 4.24.
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Figure 4.28. The powers of voltage-controlled switches on the primary side of the circuit over the

whole simulation time.
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In the top plots of figures 4.29 and 4.30 one can see the control voltage pulses of the voltage-
controlled switches. In the middle plots one can see the currents of the diodes connected in
series with the switches. The bottom plot shows the load resistor and diode currents of the
transformer secondary side circuit. Figure 4.29 illustrates the dynamic and figure 4.30 the

static situation.
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Figure 4.29. The gate voltage pulses, the currents of the diodes connected in series with the switches
and the currents of the diode and load resistor on the secondary side of the flyback transformer in

dynamic situation.



80

20V V(N011,N009) V(N017,N016) V(n021)
15V
10V-
5V
v I(D1) I(D3) I(D5)
2.0A

1.5A-
1.0A-

1 1 _—1 _—1 1
'(;gi I(D7) I(RI)

15A- -
o \ \ \ \ \
- N ~ AN AN AN

T T T T T T T
2.500000s 2.500006s 2.500012s 2.500018s 2.500024s 2.500030s 2.500036s 2.500042s 2.500048s

Figure 4.30. The gate voltage pulses, the currents of the diodes connected in series with the

switches and the currents of the diode and load resistor on the secondary side of the flyback
transformer in static situation.

Load current is 5 A as was set as an initial condition when the flyback transformer
magnetizing inductances were calculated (appendix I1). The load current is at the same level
in both dynamic (figure 4.29) and static (figure 4.30) situations.
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5 ANALYSIS OF THE SIMULATION RESULTS

5.1 Performance of the active balancing methods

When the difference between the capacitor voltages was within £10 V the voltages were
regarded to be in balance. Based on the results all active balance methods fulfilled the
demand. Timewise the switched capacitor and flyback converter balancing methods showed
superior performance compared to the resistor, BJT or MOSFET balancing. Although the
switched capacitor method was the fastest the losses increased. The MOSFET and switched
capacitor balancing methods showed deviant behaviour with three capacitors and the

findings are presented more closely in subchapters 5.2 and 5.3.

Tables 5.1 and 5.2 present how much losses were reduced compared to the resistor balancing
when using an active balancing. Simulations showed that even when the voltage balance had
been reached using balancing resistors, losses remained high and there was no significant
difference between the dynamic and static situation. When comparing the power dissipation
of the BJT and MOSFET balancing methods to the resistor balancing one can observe the
advantage already in the dynamic situation. At best the losses are reduced by 97%
(highlighted in table 5.1).

Table 5.1. Reduction of power dissipation using active balancing compared to the resistor balancing

in dynamic situation.

Resistors BJTs MOSFETs | Switched Flyback
capacitor converter

Losses with 2 capacitors 16.12 W 0.657 W 1.902 W 20.31 W 11.72W
% of resistor balancing 4.074 11.80 126.0 72.70
Reduction (%) 95.93 88.20 +26.0 27.30
Losses with 3 capacitors 24.20 W 0.788 W 1.357 W 12.76 W 12.08 W
% of resistor balancing 3.255 5.61 52.71 49.94
Reduction (%) 96.75 94.40 47.29 50.1
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Respectively table 5.2 shows that losses were reduced by 98.7% in static situation at best
(highlighted in table 5.2) and annual energy consumption could be reduced by using any of

the active balancing methods.

Table 5.2. Reduction of power dissipation using active balancing compared to the resistor balancing

in static situation.

Resistors BJTs MOSFETs | Switched Flyback
capacitor converter

Losses with 2 capacitors 16.14 W 0.235 W 0.213 W 0.749 W 1040 W
% of resistor balancing 1.456 1.321 4.638 64.41
Reduction (%) 98.54 98.68 95.36 35.59
Annual energy 142 kWh 2 kWh 1.9 kWh 6.6 KWh 91.2 kWh
consumption (365 days)
Losses with 3 capacitors 24.22 W 0.457 W 0.478 W 1.163W 11.14W
% of resistor balancing 1.888 1.972 4.801 46.0
Reduction (%) 98.11 98.03 95.19 54.0
Annual energy 212 kWh 4 KWh 4.2 kWh 10.2 kWh 98 kWh
consumption (365 days)

5.2 Capacitor voltages and power dissipation in the MOSFET balancing
Figure 4.10 shows that approximately a 9 V difference between the capacitor voltages
remained in the static situation. Figures 5.1 and 5.2 show the threshold voltages of both N-

and P-channel MOSFET models which cause the aforementioned voltage difference.
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Figure 5.1. The drain current as a function of Ugs of the N-channel MOSFET used in the MOSFET
balancing circuit simulation. The red vertical line marks the level of Ugs when the MOSFET starts
conducting.
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Figure 5.2. The drain current as a function of Ugs of the P-channel MOSFET used in the MOSFET
balancing circuit simulation. The red vertical line marks the level of Ugs when the MOSFET starts

conducting.

Figure 4.12 shows the same phenomenon when the voltages of three capacitors are balanced.

The difference is that the voltage of the upper capacitor is overlapping with the voltage of
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the lower capacitor in the static situation. The voltage of the middle capacitor differs from
them by the sum of N- and P-channel MOSFET Ucgsth).

Figure 5.3 shows a situation where the imbalance between the capacitor voltages has been
removed by setting the capacitances and parallel resistances equal. Voltage of the upper
capacitor is overlapping with the voltage of the lower capacitor. Even though the capacitors
have identical values figure 5.3 indicates that the circuit has a tendency to drift to imbalance
until the transistors start to conduct. The same phenomenon was not observed in simulation

with two capacitors when checked with the same initial conditions.
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Figure 5.3. The voltages of three series connected capacitors with MOSFET balancing circuit. The

capacitances and parallel resistances were set equal to have equal voltage division.

Closer examination of the BJT balancing with three capacitors shows similar behaviour but
not so evidently and clearly (figure 4.7). The three capacitors do not have an equal amount
of resistance in parallel with them because of the balancing circuit and small leakage currents

cause the capacitor voltages slowly drift to imbalance.

Table 5.1 shows that in dynamic situation the MOSFET balancing has smaller losses with
three capacitors. In table 5.3 are the measured total average power dissipations of the
MOSFET chains using LTspice waveform arithmetic functions over the period of 100

seconds. The measurements reveal that the average power with three capacitors is higher.
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Table 5.3. Total average power dissipations of the MOSFET chains

Interval 0-100 s Total average power dissipation of the
MOSFET chains

2 capacitors 1.469 W

3 capacitors 2.082 W

The difference in losses in table 5.1 can explained by the fact that the balancing takes more
time with three capacitors furthermore the balancing power being low for a longer period
which reduces the average power.

5.3 Switched capacitor balancing circuit losses

Balancing the voltages of three capacitors using a switched capacitor results in smaller losses
in dynamic situation than with two capacitors whereas in static situation losses are smaller
with two capacitors. Figures 5.4 and 5.5 show the instantaneous powers of two and three
capacitor series connections. Using the LTspice waveform arithmetic functions the average
power could be measured over two switching time periods (200 ps) and the results are in
table 5.4.

Table 5.4. Average power dissipation of each switch in switched capacitor balancing simulations

over the time period of 200 ps during dynamic situation.

Interval 0-200 ps 2 DC-link capacitors | 3 DC-link capacitors
Switch S3 10.87 W 7.816 W
Switch S4 10.82 W 7.803 W
Switch S5 3.22T W 0.451 W
Switch S6 3.214 W 0.449 W
Switch S7 - 3.250 W
Switch S8 - 3.242 W
Total average power dissipation 28.13 W 23.01W

As seen in table 5.4 the total average on-state power dissipation of the switches in three
capacitor topology is smaller than in the case of two capacitors. When switch S3 starts
conducting the voltage of the floating capacitor starts to increase to the same level which the
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upper DC-link capacitor has. In figure 5.4 the uppermost plot shows the voltage difference
between the floating capacitor and the upper capacitor in the two-capacitor topology over a
period of 40us. Respectively figure 5.5 shows the same in the three-capacitor topology.
Comparing the voltage differences the level is higher in figure 5.4 at t = 0. The bottom plots
in figures 5.4 and 5.5 show the voltage across switch S3. Although the level of voltage across
S3 in three-capacitor topology is higher at t = 0 it can be noted that at 10 us the voltage is
lower than in the two-capacitor topology meaning that the on-state voltage is decreasing
more steeply. The average on-state voltage of switch S3 is higher in figure 5.4 causing higher

power dissipation as indicated by the instantaneous power in the middle plot.
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Figure 5.4. Voltage difference between the upper DC-link capacitor and the floating capacitor
(black), the instantaneous power of switch S3 (blue) and the voltage of switch S3 (red) when S3 is
conducting in a dynamic situation (two-capacitor topology). The average power of switch S3 is 27
W.
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Figure 5.5. Voltage difference between the upper DC-link capacitor and the upper floating capacitor
(black), the instantaneous power of switch S3 (blue) and the voltage of switch S3 (red) when S3 is
conducting in a dynamic situation (three-capacitor topology). The average power of switch S3 is 19
W.

Switched capacitor simulations showed increased losses in dynamic situation (table 5.1) but
voltage balance was achieved in less than a second. The losses can be reduced by lowering
the switching frequency. Using 1 kHz switching frequency was tested with the DC-link
having two capacitors and the losses were 3.085 W in dynamic situation but the balancing
time increased to 4.377 seconds.

5.4 Unequal power division in the flyback converter-based balancing circuit

Figures 4.24 and 4.28 show that when the capacitor voltages are not in balance all the load
power is drawn from the upper capacitor which has the higher voltage. This is because the
diodes in series with the switches are reverse biased as explained in subchapter 2.5. After
the balance has been reached also the load will be shared equally. In a worst-case scenario
each stack on the primary side consisting of a transformer primary winding, a switch and a

diode must be able to withstand the full power.
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5.5 Safe discharging of the DC-link

When the main power supply is disconnected from a frequency converter for example for
maintenance or repair work there will be still energy in the DC-link which needs to be
discharged to ensure safe working conditions. According to the IEC-standard 61800-5-1 the
DC-link should be discharged to a voltage level less than 60 V in five seconds or otherwise
a warning symbol and discharge time must be mentioned on the cover of a frequency
converter. Different frequency converter manufactures have published the discharge times
in their manuals, and they are in the range of five minutes. (Ertl et al. 2008, p. 8; IEC 20164,
p.52.)

The balancing resistors can be used also for discharging a DC-link. Figure 5.6 shows
discharging of the DC-link consisting of three capacitors connected in series using the
balancing resistors. The model used is the same as in resistor balancing simulations. The
voltage level is at the beginning 1200 V and it takes 224 s to discharge the DC-link to 60 V
when the power supply is disconnected. Therefore, balancing resistors automatically take
care of the DC-link discharging while other methods that were studied need some extra

means to discharge the DC-link.
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Figure 5.6. Discharging of the DC-link with three capacitors connected in series in the resistor

balancing simulation model.
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6 CONCLUSIONS

Although active voltage balancing of capacitors connected in series has been widely studied
in literature the outcome of this thesis is that all the methods that were found and simulated
could be evaluated using the same DC-link model and therefore their performance could be
comprehensively compared. Principle of using BJTs or MOSFETS for balancing voltages of
three capacitors in series was not found in literature study but simulation models were
created based on the article by Ertl et al. (2008) regarding series connection of two
capacitors. The results of switched capacitor simulations are in the same range as in the
article by Pan et al. (2019) but by reducing the switching frequency the losses could be
reduced more. The drawback would be a longer balancing time but based on the simulations
there is enough reserve compared to the other balancing methods. Below are listed the key
factors and shortcomings which affected the accuracy of the simulations:

- The accuracy of BJT, MOSFET and diode models

- Voltage-controlled switches used instead of MOSFETSs

- Pulse voltage source used for controlling the voltage-controlled switches instead of

a PWM driver
- LTspice simulation tolerances
- Different simulation times in order to keep the amount of data and simulation
duration reasonable

- Leakage inductances and parasitic capacitances neglected

- Effect of temperature on BJT current gain and capacitor leakage current

- The current gain of BJTs fixed to 100.

6.1 Benefits and drawbacks of active balancing

Based on the simulation results a major benefit of having an active capacitor voltage
balancing in a frequency converter is reduction of power dissipation especially when voltage
balancing is not necessary. Even when the capacitor voltages had a large difference in the
simulations the active balancing methods showed a significant reduction in power
dissipation compared to the conventional resistor balancing. Also, the switched capacitor
and flyback converter balancing methods performed much faster than the resistor balancing.

Although the voltage balancing done by using BJTs or MOSFETS is not that slow compared
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to the resistor balancing it can be made faster by proper dimensioning, but the drawback will

be increased quiescent power dissipation.

Whenever high switching frequency is involved the electromagnetic interference needs to
be evaluated. Electromagnetic compatibility issues may rise when power semiconductor
switches are operated with a high switching frequency. This would be the case if one decides

to use the switched capacitor balancing because extra switches will be added in the design.

Voltage balancing using a flyback converter or LLC-based auxiliary power supply are the
only active methods that could exploit an existing design in a frequency converter. For
example, the control boards in a frequency converter usually require internal 24 VDC
auxiliary power which is done by means of a switch-mode power supply, SMPS, and in this
case by a flyback converter. As said, a frequency converter will anyway have an SMPS
which makes comparing the results of the flyback converter balancing simulations to the
others ambiguous. Benefit of using this method would be that the balancing resistors are not
needed but the unequal loading conditions as explained in subchapter 5.4 must be

considered.

Implementing an active voltage balancing in a frequency converter will set a challenge for
electrical dimensioning but also for mechanical design as the components are likely to
require more space to fit on the circuit boards. New design may get more expensive than
using a simple resistor balancing but then again it may be that less cooling is required
reducing the size and power consumption. Furthermore, as explained in subchapter 5.5 all
the active balancing methods may require an additional discharging circuit to be added in
the DC-link.

In October 2019 the Ecodesign regulation (EU 2019/1781) set by the European Union came
into effect and for the first time, the efficiency requirements consider also VSDs. These
requirements will take place starting on July 2021 and further requirements will be
introduced later. A demand for more efficient frequency converters in industry will likely
grow in the future and finding where losses could be reduced in the equipment can be
challenging. Active voltage balancing could provide help in this case. (Publications Office
of the European Union, 2020.)
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6.2 Future studies

Simulation models created for this thesis show that each balancing method works in principle
and they offer a good starting point if one chooses to make a prototype of any of them later
to be implemented in a frequency converter. Although based on the results the active
balancing methods seem promising, a simple way to reduce losses could be using a separate
discharging circuit in the DC-link instead of combining it with the balancing circuit. When

the main power supply is removed from the drive the discharging circuit would be activated.

The simulation models have a stable DC-voltage supply but in reality, voltage ripple exists
in a DC-link. For example, a three-phase diode rectifier generates a 300 Hz voltage ripple
when supplied by a 50 Hz three-phase network because of commutation. The effect of an
oscillating DC-link on the performance of an active voltage balancing should be studied. If
an active balancing circuit will react to every minor transient in the DC-link this may lead
to unnecessary and excessive heating of the components. Adding a hysteresis band in the

balancing circuit control could prevent such situation if it is possible to be implemented.

Any measurements or statistics showing a real-life dispersion of capacitor capacitances or
leakage currents could not be found in literature study. This could help evaluating the need
for balancing instead of using a worst-case scenario by default perhaps leading to an
overdimensioned balancing circuit. Such statistics could show is there really a need for

creating more accurate capacitor models to be used in simulations.
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DC-link leakage current and ESR calculations

Leakage current and parallel resistance with nominal capacitance

Cpi=1250 pF
Ug:=400 V
I 0.00025 pd Cr_, Us 1 pd =0.126 mA
=11} g - + =
feakop 1uF 1V
Ug i i
Ry:= =3.1746 M12 Parallel resistance of one capacitor
Ilcm\np

R

. 1
potat ™= § 4y
3.( : ]
I,

Leakage current and parallel resistance with 0.9 * nominal capacitance (-10 %)

=1.06 M2 Parallel resistance of three capacitors in parallel

Cpi=0.9.1250 pF
Upi=400 V

I, 0.00025 pd “r U, pA =0.114 mA
=11} g - + =
1pF 1V

L
Ry:= R __352 MR Parallel resistance of one capacitor
Ilcm\np

1
Rptm ::—1
3‘[ )
R

P

=1.17 M12 Parallel resistance of three capacitors in parallel

Leakage current and parallel resistance with 1.15 * nominal capacitance (+15 %)
Cpi=1.15+1250 uF
Ug:=400 V

I, 0.00025 pd e UYs . pA =0.145 mA
=11} g - + =
1pF 1V

L
Ry:= R __276 MR Parallel resistance of one capacitor
Ilcm\np

1

b - ::—1:1].[!2 M2 Parallel resistance of three capacitors in parallel
3‘ [ )
R

P
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Total effective series resistance of three capacitors connected in parallel

mi2:=1-10"% 12

ESR:=18 m?
1

) e o)

ESR, =




APPENDIX II

Flyback converter transformer dimensioning calculations

Calculation of magnetizing inductances of a flyback converter transformer windings

U, =800V  U,,:=24V  f_:=100 kHz D:=04 I.:=5A

Transistor on and off-times

T.::flzlﬂjﬂ t1:=T,-D=4_¢u tgzzT,—tlzﬁj.ﬂ

Load resistance

Umt
=481
I

out

RL:Z

Transformation ratio of the transformer

. -t
n 1 _922.222

Uﬂuﬁ' t!

F =
Peak load and supply currents

2] T i
§oam e e G G6T A §smomt e g

i

ty H

Rate of change of peak load and supply currents

;:.s,,,::ii:{l.sra-lu:‘} A ,-:.im:%:{z.rrs-m“} A
& &

1 2

Transformer magnetizing inductances

Uiﬂ Ua‘ut
L i=———=4. 267 mH Ly i= =864
1_tot A, 1 Al pH

Mutual indutance of the transformer primary windings with coupling coefficient k = 1

k=1 Mi=key[L, oLy ., =4.267 mH

Magnetizing indutance of single transformer primary winding coil

L
L =22 —1.067 mH
4




APPENDIX I1II, 1
The LTspice simulation models and measurement statements

Resistor balancing, 2 capacitors

ChargingResistor ESR1
50 {ESR} .param ESR=6m
;I;I; .param Capl=3375uF
z | .param Rpl=1.17Meg
in PULSE(10 -1 {Open} 10n 10n 10000) param Cap2=4313uF Rball
< Rhbal
L sw V2 a .param Rp2=0.92Meg {Rbal}
g 6 o - Rp1
]
= 1Cap1} {Rp1}
n S .param Rbal=19.8k
a 7
T
=
[=]
E
ESR2
{ESR}
Us
e .param Us=800
_ .param Open=500
{us} Rbal2
{Rbal}
::CZ Rp2
1Cap2} {Rp2}
Jtran 0 1000s 0 startup
.options plotwinsize=0
~

.meas TRAN B FIND time WHEN V(N001,N005)-V(N005)=10 TD=10

.meas TRAN Delay PARAM B-0

.meas TRAN UDCMax MAX V(N001)

.meas TRAN UDC1Max MAX V(N001,N005)

.meas TRAN UDC2Max MAX V(NO005)

.meas TRAN PRbal1Max MAX ABS(V(N001,N005)*I(Rbal1))

.meas TRAN PRbal2Max MAX ABS(V(N005)*I(Rbal2))

.meas TRAN ERbal1Dyn INTEG V(N001,N005)*I(Rball) TRIG V(N001)=799 TARG V(N001,N005)-V(N005)=10 TD=10
.meas TRAN ERbal2Dyn INTEG V(N005)*I(Rbal2) TRIG V(N001)=799 TARG V(N001,N005)-V(N005)=10 TD=10
.meas TRAN ERBal1Static INTEG V(N001,N005)*I(Rball) TRIG V(N001,N005)-V(N005)=10 TD=10 TO 500
.meas TRAN ERBal2Static INTEG V(N005)*I(Rbal2) TRIG V(N001,N005)-V(N005)=10 TD=10 TO 500



Resistor balancing, 3 capacitors

APPENDIX |1, 2

ChargingResistor
50

0.5vt=9)

SW V2

&L O

51

model SW SW(vser

C) param Us=1200
— -param Open=500
{Us}

Jran 1000s startup
.options plotwinsize=0

PULSE(10 -1 {Open} 10n 10n 10000)

ESR1 .param ESR=6m
{ESR} Jparam Capl1=3375uF
.param Rpl1=1.17Meg
param Cap2=3750uF Rball
param Rp2=1.06Meg {Rbal}
Pl Rp1 Jparam Cap3=4313uF
[{Cap1l} {Rp1} .param Rp3=0.92Meg
.param Rbal=19.8k
ESR2
{ESR}
Rbal2
c2 Rp2 {Rbal}
[<cap2} {Rp2}
ESR3
{ESR}
Rbal3
c3 Rp3 {Rbal}
[tcap3) {Rp3}

=7

.meas TRAN B FIND time WHEN 400-ABS(V(N001,N005)-V/(N005,N008)-V(N008))=10 TD=10

.meas TRAN Delay PARAM B-0
.meas TRAN UDCMax MAX V(NO001)

.meas TRAN UDC1Max MAX V(N001,N005)

.meas TRAN UDC2Max MAX V(N005,N008)

.meas TRAN UDC3Max MAX V(N008)

.meas TRAN PRbal1Max MAX ABS(V(N001,N005)*I(Rbal1))
.meas TRAN PRbal2Max MAX ABS(V(N005,N008)*I(Rbal2))

.meas TRAN PRbal3Max MAX ABS(V(N008)*I(Rbal3))
.meas TRAN ERbal1Dyn INTEG V(N001,N0O5)*I(Rball) TRIG V(N001)=1199 TARG 400-ABS(V(N001,N005)-V(N005,N008)-

V/(N008))=10 TD=10

.meas TRAN ERbal2Dyn INTEG V(N005,N008)*I(Rbal2) TRIG V(N001)=1199 TARG 400-ABS(V/(N001,N005)-V(N005,N008)-

V(N008))=10 TD=10

.meas TRAN ERbal3Dyn INTEG V(N008)*I(Rbal3) TRIG V(N001)=1199 TARG 400-ABS(V(N001,N005)-V(N005,N008)-

V/(N008))=10 TD=10

.meas TRAN ERbal1Stat INTEG V/(N001,N005)*I(Rball) TRIG 400-ABS(V(NOO1,N005)-V(N005,N008)-V(N008))=10 TD=10

TO=500

.meas TRAN ERbal2Stat INTEG V/(N005,N008)*I(Rbal2) TRIG 400-ABS(V(N0O1,N005)-V/(N005,N008)-V(N008))=10 TD=10

TO=500

.meas TRAN ERbal3Stat INTEG V/(N008)*I(Rbal3) TRIG 400-ABS(V(N0O1,N005)-V(N005,N008)-V(N008))=10 TD=10 TO=500
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BJT balancing, 2 capacitors

tCharging Resistor ESRi
? 50 {ESR}
E PULSE(10 -1 {Open’} 10n 10n 10000)
T
u SW vz
= L=}
: 00 O -
E = MIELS024 = NPN {Cap1} {Rp1}
= MIELS035 = PNP
H .
T ~ Jib MIE15025.5P2
'E Jib MIE15024.5P3
: .model MIEL5024 NPHN(bf=100)
.model MIE15035 PNP(bf=100)
.param Rbl=1Meg
.param Rb2=1Meg
.param Rc=0.1
.param Re=0.1
.param Us=800
.param Open=500 .param ESR=6m
.param Capl =3375uF
Us .param Rpl=1.17Meg
C) .param Cap2=4313uF
— {usk .param Rp2=0.92Meg
ESR2
{ESR}
for] Rp2
{Cap2} {Rp2}
«options plotwinsize=0
Aran 0 1000 0 startup

=

.meas TRAN B FIND time WHEN V(N001,N008)-V(N008)=10 TD=10

.meas TRAN UDCMax MAX V(N001)

.meas TRAN UDC1Max MAX V(N001,N008)

.meas TRAN UDC2Max MAX V(N008)

.meas TRAN PRbMax MAX ABS(I(Rb1_1)*V(n001))

.meas TRAN PQ1Max MAX ABS(V(N004,N007)*Ic(Q1))

.meas TRAN PQ2Max MAX ABS(V(N009,N011)*1c(Q2))

.meas TRAN PQ3Max MAX ABS(V(N013,N014)*1c(Q3))

.meas TRAN PQ4Max MAX ABS(V(N016,N018)*1c(Q4))

.meas TRAN ERbDyn INTEG ABS(V(N001)*I(Rb1_1)) TRIG V(N001)=800 TARG V(N001,N008)-V(N008)=10 TD=10
.meas TRAN EQ1Dyn INTEG ABS(V(N004,N007)*Ic(Q1)) TARG V(N001,N008)-V(N008)=10 TD=10

.meas TRAN EQ2Dyn INTEG ABS(V(N009,N011)*Ic(Q2)) TARG V(N001,N008)-V(N008)=10 TD=10

.meas TRAN EQ3Dyn INTEG ABS(V(N013,N014)*Ic(Q3)) TARG V(N001,N008)-V(N008)=10 TD=10

.meas TRAN EQ4Dyn INTEG ABS(V(N016,N018)*Ic(Q4)) TARG V(N001,N008)-V(N008)=10 TD=10

.meas TRAN ERbStatic INTEG ABS(V(N001)*I(Rb1_1)) TRIG V(N001,N008)-V(N008)=10 TD=10 TO=500
.meas TRAN EQ1Static INTEG ABS(V(N004,N007)*Ic(Q1)) TRIG V(N001,N008)-V(N008)=10 TD=10 TO=500
.meas TRAN EQ2Static INTEG ABS(V(N009,N011)*Ic(Q2)) TRIG V(N001,N008)-V(N008)=10 TD=10 TO=500
.meas TRAN EQ3Static INTEG ABS(V(N013,N014)*Ic(Q3)) TRIG V(N001,N008)-V(N008)=10 TD=10 TO=500
.meas TRAN EQ4Static INTEG ABS(V(N016,N018)*Ic(Q4)) TRIG V(N001,N008)-V(N008)=10 TD=10 TO=500
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BJT balancing, 3 capacitors

Rbi 1
ChargingResistor

50
& ESR1
")
ik | Q1 {ESR}
- PULSE(10 -1 {Open} 10n 10n 10000) MIEL5034
=
n
i Vi
2 C Re2
c1
§ s1 {Re} L Rpl
g [{Capl} {Rpi}
H 2
E MIEL5034
Rel
{Re}
Us
param Ls=1200 Re2
_ sparam Open=F0D (R}
{us}
MIEL5035
@ ESR2
{ESR}
Re3
MIE1S034 = NPN § {Rc}
MIEL5035 = PNP
c2 Rp2
Jity MJELS035.5P3 MIE15035 Trcazy {Rp2y
Jib MIE15034.5P3 o4
.model MIEL5034 NPN{bf=100
model MIELS035 PNP{bf= mnf Red
param Rbi=1Meg {Re}
param Rb2=1Meg
param Re=0.1
param Re=0.1

sparam ESR=6m
param Capl=3375uF
param Rpl=1.17Meg
param Capl=3750uF ESR3
param RpZ=1.06Meg {ESR}
param Capl=4313uF
param Rpl=0.92Meg

c3 Rp3
ccapay {Rp3}

Joptions plotwin size=0
Jtran 0 1000 0 startup

=

.meas TRAN B FIND time WHEN 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10

.meas TRAN UDCMax MAX V(NO001)

.meas TRAN UDC1Max MAX V(N001,N010)

.meas TRAN UDC2Max MAX V(N010,N023)

.meas TRAN UDC3Max MAX V(N023)

.meas TRAN PRb1_1Max MAX ABS(V(N001,N024)*I(Rb1_1))

.meas TRAN PRb1_3Max MAX ABS(V(N010)*I(Rb1_3))

.meas TRAN PQ1Max MAX ABS(V(N002,N007)*Ic(Q1))

.meas TRAN PQ2Max MAX ABS(V(N008,N011)*1c(Q2))

.meas TRAN PQ3Max MAX ABS(V(N014,N017)*1c(Q3))

.meas TRAN PQ4Max MAX ABS(V(N020,N023)*1c(Q4))

.meas TRAN PQ5Max MAX ABS(V(N013,N016)*1c(Q5))

.meas TRAN PQ6Max MAX ABS(V(N019,N025)*1c(Q6))

.meas TRAN PQ7Max MAX ABS(V(N026,N027)*1c(Q7))

.meas TRAN PQ8Max MAX ABS(V(N029,N031)*1c(Q8))

.meas TRAN PRbl1_1Dyn INTEG ABS(V(N0OO1,N024)*I(Rb1_1)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10
TD=10

.meas TRAN PRb1_3Dyn INTEG ABS(V(N010)*I(Rb1_3)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ1Dyn INTEG ABS(V(N002,N007)*Ic(Q1)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ2Dyn INTEG ABS(V(N008,N011)*Ic(Q2)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ3Dyn INTEG ABS(V(N014,N017)*Ic(Q3)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ4Dyn INTEG ABS(V(N020,N023)*Ic(Q4)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ5Dyn INTEG ABS(V(N013,N016)*Ic(Q5)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ6Dyn INTEG ABS(V(N019,N025)*1c(Q6)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10



TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700
.meas TRAN
TO=700

PRb1_3Stat INTEG ABS(V(NO10)*I(Rbl_3)) TRIG

PQ1Stat
PQ2Stat
PQ3Stat
PQ4Stat
PQ5Stat
PQ6Stat
PQ7Stat

PQ8Stat

INTEG

INTEG

INTEG

INTEG

INTEG

INTEG

INTEG

INTEG

ABS(V(N002,N007)*Ic(Q1)) TRIG
ABS(V(N008,N011)*Ic(Q2)) TRIG
ABS(V(N014,N017)*Ic(Q3)) TRIG
ABS(V(N020,N023)*Ic(Q4)) TRIG
ABS(V(N013,N016)*1c(Q5)) TRIG
ABS(V(N019,N025)*1c(Q6)) TRIG
ABS(V(N026,N027)*1c(Q7)) TRIG

ABS(V(N029,N031)*Ic(Q8)) TRIG
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.meas TRAN PQ7Dyn INTEG ABS(V(N026,N027)*Ic(Q7)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PQ8Dyn INTEG ABS(V(N029,N031)*Ic(Q8)) TARG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10
.meas TRAN PRb1_1Stat INTEG ABS(V(N001,N024)*I(Rb1_1)) TRIG 400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10 TD=10

400-ABS(V(NOO1,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(NO01,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(NOO1,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(NOO1,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(NOO1,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(NOO1,N010)-V(N010,N023)-V(N023))=10
400-ABS(V(N001,N010)-V(N010,N023)-V(N023))=10

400-ABS(V(N001,N010)-V(N010,N023)-V/(N023))=10

TD=10

TD=10

TD=10

TD=10

TD=10

TD=10

TD=10

TD=10

TD=10



FET balancing, 2 capacitors

APPENDIX |11, 6

ChargingResistor
il
o
i PULSE(10 -1 {Open}10n 10n 10000) Rb1_1 Rd1
: {Rb1} {Rd}
s
g W vz ESR1
P O s
g s T {Rg}Re2 s
; || Fap16N25
; BZ{B4B200L
T PMOS FQPSP25 D1 o
g = NMOS FQP16N25 & Yol ks Rpt
) lib FQPSP25.lib 21 B84 B200VL {Capl} IRp1}
lib FQP16N25.lib Rb2}
param Rb1=1Meg —
param Rb2=1Meg {Rg}Ral |'_Q_M2
param Rd=0.1 |_FQP15N25
s Us .param Us=800 param Rs=2k BZX L
C_j .param Open =500 param Rg=5 D?E.ZCu
{us} param ESR=6m K]DBD;[_' Rel
param Capl=3375uF {Rs}
param Rpl=1.17Meg
param Cap2=4313uF
Rs2
Rp2=0.92 BZ{B4B200 L
param®e Heg D5 {Rs}
:]DS[:
BEXB4B20VL
—]
FOPIP2S ESR2
Ro2 Ry i
M2 ESR.
- {esr}
Rb22  pzyaamoovL
{RbZ} D=
FQPaP2s ==CZ Rp2
M4 {op2y {Rp2}
Rb1 2
o Rd2
{Rb1}
{Rd}
.options plotwinsze=0
.tran 0 1000 0 startup

v

.meas TRAN B FIND time WHEN V(N001,N009)-V(N009)=10 TD=10

.meas TRAN UDCMax MAX V(N001)

.meas TRAN UDC1Max MAX V(N001,N009)

.meas TRAN UDC2Max MAX V(N009)

.meas TRAN PRb MAX ABS(I(Rb1_1)*V(n001))

.meas TRAN PM1Max MAX ABS(V(N004,N008)*Ix(M1:D))

.meas TRAN PM2Max MAX ABS(V(N008,N013)*Ix(M2:D))

.meas TRAN PM3Max MAX ABS(V(N014,N018)*Ix(M3:D))

.meas TRAN PM4Max MAX ABS(V(N018,N020)*Ix(M4:D))

.meas TRAN PRs1Max MAX ABS(V(N013,N009)*I(Rs1))

.meas TRAN PRs2Max MAX ABS(V(N009,N014)*I(Rs2))

.meas TRAN ERbDyn INTEG ABS(V(N001)*I(Rb1_1)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN EM1Dyn INTEG ABS(V(N004,N008)*Ix(M1:D)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN EM2Dyn INTEG ABS(V(N008,N013)*Ix(M2:D)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN EM3Dyn INTEG ABS(V(N014,N018)*Ix(M3:D)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN EM4Dyn INTEG ABS(V(N018,N020)*Ix(M4:D)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN ERs1Dyn INTEG ABS(V(N013,N009)*I(Rs1)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN ERs2Dyn INTEG ABS(V(N009,N014)*I(Rs2)) TARG V(N001,N009)-V(N009)=10 TD=10

.meas TRAN ERbStat INTEG ABS(V(N001)*I(Rb1_1)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500

.meas TRAN EM1Stat INTEG ABS(V(N004,N008)*Ix(M1:D)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500
.meas TRAN EM2Stat INTEG ABS(V(N008,N013)*Ix(M2:D)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500
.meas TRAN EM3Stat INTEG ABS(V(N014,N018)*Ix(M3:D)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500
.meas TRAN EM4Stat INTEG ABS(V(N018,N020)*Ix(M4:D)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500
.meas TRAN ERs1Stat INTEG ABS(V(N013,N009)*I(Rs1)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500
.meas TRAN ERs2Stat INTEG ABS(V(N009,N014)*I(Rs2)) TRIG V(N001,N009)-V(N009)=10 TD=10 TO=500
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FET balancing, 3 capacitors

;nm ryin gResistor bt 1 it
g {Rb1} {Rd}
I PULSE(10 -1 {Open} 10n 10n 10000)
&
i M1
5osw vi = ESRL
3 6):4 Ci} .{R?\}j\}m |= FQP 16M25 TESR}
§ 51 T BENEB20VL |
= Dl
L2
RBZ 1
BINEAB IOV
:E o {RBZ} i :Ci Rpl
L {Capi} {Rp1}
PMOS FQPSP25 M2
RgL |+-=r
NMOS FOPLGN 25 {Ro} " |ropionas
it FOQPOPYS. it BZXEAB20VL
it FQPLENZS. lib o7
param Rbi=1Meg
param Rb2=1Meg BZXEAB20WL
param Rd=0.1 Rs1
param Rs=Tk {Rs}
param Rg=5
param ESR=6m
param Capl=1337 5uF Re?
param Rpl=1.17Meg (RS} Abi_3 Rd3
{Rb1} {Rd}
param Cap2=3750uF
param RpX=1.06Meg BEXEIE 20V
param Cap3=4313uF D5 M5
param Rp3=0.92Meg B ZXEAB 20VL ESRZ FYP16N2S
{ESR}
My —{Fqrarzs
R e,
—
L% parm Us=1200 RE2 2 orepan
C_ param O pen=700 {RbZ} 03 :52 Rp2
{us} {Cap2} IRp2}
ZXEAB20VL
—Fgrop2s ME
Rga TR} |+& . S
s s
{Rd} Rs3
{Rs}
§Ek3
{ESR}
ey Rp3
{Cap3} {Rp3}
Rb1 4 _—
ke {Rd}
opticns plotwinsire=0
Aran 0 1000 0 startup

v

.meas TRAN B FIND time WHEN 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN UDCMax MAX V(N001)

.meas TRAN UDC1Max MAX V(N001,N012)

.meas TRAN UDC2Max MAX V(N012,N029)

.meas TRAN UDC3Max MAX V(N029)

.meas TRAN PRb1_1Max MAX ABS(V(N001,N029)*I(Rb1_1))
.meas TRAN PRb1_3Max MAX ABS(V(N012)*I(Rb1_3))
.meas TRAN PM1Max MAX ABS(V(N003,N009)*Ix(M1:D))
.meas TRAN PM2Max MAX ABS(V(N009,N014)*Ix(M2:D))
.meas TRAN PM3Max MAX ABS(V(N017,N027)*Ix(M3:D))
.meas TRAN PM4Max MAX ABS(V(N027,N032)*Ix(M4:D))
.meas TRAN PM5Max MAX ABS(V(N015,N023)*Ix(M5:D))
.meas TRAN PM6Max MAX ABS(V(N023,N034)*Ix(M6:D))
.meas TRAN PM7Max MAX ABS(V(N036,N041)*Ix(M7:D))
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.meas TRAN PM8Max MAX ABS(V(N041,N043)*Ix(M8:D))

.meas TRAN PRS1IMax MAX ABS(V(N014,N012)*I(Rs1))

.meas TRAN PRS2Max MAX ABS(V(N012,N017)*I(Rs2))

.meas TRAN PRS3Max MAX ABS(V/(N034,N029)*I(Rs3))

.meas TRAN PRS4Max MAX ABS(V(N029,N036)*I(Rs4))

.meas TRAN ERb1_1Dyn INTEG ABS(V(N001,N029)*I(Rb1_1)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10
TD=10

.meas TRAN ERb1_3Dyn INTEG ABS(V(N012)*I(Rb1_3)) TARG 400-ABS(V(NOO1,N012)-V(N0O10,N029)-V(N029))=10 TD=10
.meas TRAN EM1Dyn INTEG ABS(V(N003,N009)*Ix(M1:D)) TARG 400-ABS(V(N001,N012)-V/(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM2Dyn INTEG ABS(V(N009,N014)*Ix(M2:D)) TARG 400-ABS(V(N001,N012)-V/(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM3Dyn INTEG ABS(V(N017,N027)*Ix(M3:D)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM4Dyn INTEG ABS(V(N027,N032)*Ix(M4:D)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM5Dyn INTEG ABS(V(N015,N023)*Ix(M5:D)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM6Dyn INTEG ABS(V(N023,N034)*Ix(M6:D)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM7Dyn INTEG ABS(V(N036,N041)*Ix(M7:D)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN EM8Dyn INTEG ABS(V(N041,N043)*Ix(M8:D)) TARG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN ERs1Dyn INTEG ABS(V(N014,N012)*I(Rs1)) TARG 400-ABS(V(NOO1,N012)-V(N0O10,N029)-V(N029))=10 TD=10
.meas TRAN ERs2Dyn INTEG ABS(V(N012,N017)*I(Rs2)) TARG 400-ABS(V(NOO1,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN ERs3Dyn INTEG ABS(V(N034,N029)*I(Rs3)) TARG 400-ABS(V(NOO1,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN ERs4Dyn INTEG ABS(V(N029,N036)*I(Rs4)) TARG 400-ABS(V(NOO1,N012)-V(N010,N029)-V(N029))=10 TD=10
.meas TRAN ERb1_1Stat INTEG ABS(V(N001,N029)*I(Rb1_1)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10
TD=10 TO=700

.meas TRAN ERb1_3Stat INTEG ABS(V(N012)*I(Rb1_3)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM1Stat INTEG ABS(V(N003,N009)*Ix(M1:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM2Stat INTEG ABS(V(N009,N014)*Ix(M2:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM3Stat INTEG ABS(V(N017,N027)*Ix(M3:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EMA4Stat INTEG ABS(V(N027,N032)*Ix(M4:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM5Stat INTEG ABS(V(N015,N023)*Ix(M5:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM6Stat INTEG ABS(V(N023,N034)*Ix(M6:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM7Stat INTEG ABS(V(N036,N041)*Ix(M7:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN EM8Stat INTEG ABS(V(N041,N043)*Ix(M8:D)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN ERs1Stat INTEG ABS(V(N014,N012)*I(Rs1)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN ERs2Stat INTEG ABS(V(N012,N017)*I(Rs2)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN ERs3Stat INTEG ABS(V(N034,N029)*I(Rs3)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700

.meas TRAN ERs4Stat INTEG ABS(V(N029,N036)*I(Rs4)) TRIG 400-ABS(V(N001,N012)-V(N010,N029)-V(N029))=10 TD=10
TO=700
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Switched capacitors balancing, 2 capacitors

-model SW SW(vt=9 vser=0.1)

s PULSE(-1 10 {Close} 10n 10n 100000)
7]
B
® swW V3 $3 D1 ESR1
g XS
2% &L O )
B 50 1 +
5 s2 NMOS DBody |
£
© ~7
et Rp1
PULSE(10 -1 {Close} 10n 10n 1000000000000) Ticapty {Rp1}
s4 D2
PULSE(10 -1 {Open} 10n 10n 1000) ESRef Jj+ :9 ZEBody
18m NMOS _param ESR=6m
sw \ .param Us=800 .param Cap1=3375uF
C o -param 0pen=_100 | .param Rp1=1.17Meg
§1 -param Close=0.5 Rpef cf .param Cap2=4313uF
.param ON=0.5 M e .param Rp2=0.92Meg
<  -param SF=10kHz ed 1uF — 55 D3
-param D=0.48 | 3 + \E
. NMOS |DBody ESR2
{ESR}
12 Rp2
V4 PULSE(0 15 {ON} 10n 10n {(1/SF)*D} {(1/SF)} {(OPEN-ON)"SF}) {Cap2} {Rp2}
V5 PULSE(0 15 {ON} 10n 10n {(1/SF)*D} {(1/SF)} {(OPEN-ON)*SF}) S6 D4
ve PULSE(0 15 {ON+(1/SF)*(D/(2"D))} 10n 10n {(1/SF)"D} {(1/SF)) {{OPEN-ON)*SF}) =0
v7 PULSE(0 15 {ON+(1/SF)*(Di(2"D))} 10n 10n {(1/SF)"D} {(1/SF)} {{OPEN-ON)"SF}) .
NMOS DBody
. o .model NMO § SW(ron=10 roff=1Meg vt=3.75)
R S .model Dbody D(ron=10 roff=1Meg Viwd=1.6)
~

.meas TRAN B FIND time WHEN V(N001,N007)-V(N007)=10

.meas TRAN Delay PARAM B-0

.meas TRAN UDC MAX V(N001)

.meas TRAN UDC1 MAX V(N001,N007)

.meas TRAN UDC2 MAX V(N007)

.meas TRAN PS3Max MAX ABS(V(N005,N001)*1(S3))

.meas TRAN PS4Max MAX ABS(V(N007,N005)*1(54))

.meas TRAN PS5Max MAX ABS(V(N010,N007)*1(S5))

.meas TRAN PS6Max MAX ABS(-V(N010)*I(S6))

.meas TRAN PD1Max MAX ABS(V(N005,N001)*1(D1))

.meas TRAN PD2Max MAX ABS(V(N007,N005)*1(D2))

.meas TRAN PD3Max MAX ABS(V(N010,N007)*1(D3))

.meas TRAN PD4Max MAX ABS(-V(N010)*1(D4))

.meas TRAN PESRcfMax MAX ABS(V(N005,N009)*I(ESRcf))

.meas TRAN PRpcfMax MAX ABS(V(N009,N010)*I(Rpcf))

.meas TRAN ES3dyn INTEG ABS(V(N005,N001)*1(S3)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ES4dyn INTEG ABS(V(N007,N005)*1(S4)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ES5dyn INTEG ABS(V(N010,N007)*1(S5)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ES6dyn INTEG ABS(-V(N010)*1(S6)) TARG V(N001,N007)-V(N007)=10

.meas TRAN ED1Dyn INTEG ABS(V(N005,N001)*I(D1)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ED2Dyn INTEG ABS(V(N007,N005)*I(D2)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ED3Dyn INTEG ABS(V(N010,N007)*I(D3)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ED4Dyn INTEG ABS(-V(N010)*I(D4)) TARG V(N001,N007)-V(N007)=10

.meas TRAN PESRcfDyn INTEG ABS(V(N005,N009)*I(ESRcf)) TARG V(N001,N007)-V(N007)=10
.meas TRAN PRpcfDyn INTEG ABS(V(N009,N010)*I(Rpcf)) TARG V(N001,N007)-V(N007)=10
.meas TRAN ES3Static INTEG ABS(V(N005,N001)*1(S3)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN ES4Static INTEG ABS(V(N007,N005)*1(S4)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN ES5Static INTEG ABS(V(N010,N007)*1(S5)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN ES6Static INTEG ABS(-V(N010)*I(S6)) TRIG V(N001,N007)-V(N007)=10

.meas TRAN ED1Static INTEG ABS(V(N005,N001)*I(D1)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN ED2Static INTEG ABS(V(N007,N005)*1(D2)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN ED3Static INTEG ABS(V(N010,N007)*I(D3)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN ED4Static INTEG ABS(-V(N010)*1(D4)) TRIG V(N001,N007)-V(N007)=10

.meas TRAN PESRcfStatic INTEG ABS(V(N005,N009)*I(ESRcf)) TRIG V(N001,N007)-V(N007)=10
.meas TRAN PRpcfStatic INTEG ABS(V(N009,N010)*I(Rpcf)) TRIG V(N001,N007)-V(N007)=10
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Switched capacitors balancing, 3 capacitors

model SW SW(vt=9 vser=0.1) PULSE(10 -1 {Close} 10n 10n 1000000000000)
5 PULSE(-1 10 {Close} 10n 10n 100000)
] »
‘B
& sW V3 510 53 D1 E SR
2 § C PreChrg d:[g (ESR)
=] 50 SW 1
5 52 vio NMOS [Body ]
5 R1
300k
e Rp1
{Capi} {Rp1}
54 D2 ]
Qj- 9 =
PULSE(10 -1 {0 10n 10n 1000 ESReft — D Bod -param E SR=6m
(10 -1 {Open} 10n 10n 1000) 18m NMOS |DBody _param Capl=3376uF
sw G .param Rp1=1.17Meg
6 | .param Cap2=3750uF
51 Rpeft 1 ! .param Rp2=1.06Meg
2Meg ==1 F 55 D3 Jparam Cap3=4313uF
" g —z ) .param Rp3=0.92Meg
! .
¥ NMOS (D Body ESRZ
4. Vs .param Us=1200 {ESR}
C)Us} .param O pen=100
T .param Close=0.5
O
.param D=0.48 {Cap2} (Rp2}
56 D4
e
+
§E5Rc12 NMOS P Body
18m [
Rpef2 | Cf2 57 D5
2Meg T« =
- - w ~ o 1uF EI J ) s
D Bod
va Iwvs lwe Lwr Lwvs lva ] NMOS v ESR3
[ESR}
V4PULSE(D 15 {ON} 10n 10n {{1/5F)*D} {(1/5F)} {{OPEN-ON})* SF}) c3 Rp3
V5 PULSE(0 15 {ON} 10n 10n {{1/SF)*D} {(1/5F)} {{OPEN-ON)*SF}) - P
V6 PULSE(0 15 {ON} 10n 10n {(1/SF)*D} {(1/SF)} {(OPEN-ON)*SF}) {Cap3} {Rp3}
V7 PULSE(D 15 {ON+{1/SF)*(Di{2*D}j} 10n 10n {{1/SF)*D} {{1/5F)} {{OPEN-ON)*SF})

58 D6
wg PULSE(D 15 {ON+(1/SF)*(D/(2* D))} 10n 10n {(1/SF)*D} {{1/5F)} {(OPE N-ON)*SF}) =7
wgP ULSE(0 15 {ON+({1/SF)*(D/(2*D})} 10n 10n {{1/SF)* D} {{1/SF )} {{DPEN-ON)* SF}) 4 ?Bm
NMOS y

.model NMOS 5W(ron=10 roff=1Meg vt=3.75)

.options plotwinsize=0
madel Dbody Diron=10 Roff=1Meg Viwd=1.6)

Aran 0 3.5 0.5 startup
v
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.meas TRAN B FIND time WHEN 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN Delay PARAM B-0

.meas TRAN UDC MAX V(N001)

.meas TRAN UDC1 MAX V(N001,N007)

.meas TRAN UDC2 MAX V(N007,N013)

.meas TRAN UDC3 MAX V(N013)

.meas TRAN PS3Max MAX ABS(V(N005,N001)*1(S3))

.meas TRAN PS4Max MAX ABS(V(N007,N005)*1(S4))

.meas TRAN PS5Max MAX ABS(V(N010,N007)*1(S5))

.meas TRAN PS6Max MAX ABS(V(N013,N010)*1(S6))

.meas TRAN PS7Max MAX ABS(V(N015,N013)*1(S7))

.meas TRAN PS8Max MAX ABS(-V(N015)*1(S8))

.meas TRAN PD1Max MAX ABS(V(N005,N001)*1(D1))

.meas TRAN PD2Max MAX ABS(V(N007,N005)*1(D2))

.meas TRAN PD3Max MAX ABS(V(N010,N007)*I(D3))

.meas TRAN PD4Max MAX ABS(V(N013,N010)*1(D4))

.meas TRAN PD5Max MAX ABS(V(N015,N013)*1(D5))

.meas TRAN PD6Max MAX ABS(-V(N015)*1(D6))

.meas TRAN PESRcfIMax MAX ABS(V(N005,N009)*I(ESRcf1))

.meas TRAN PESRcf2Max MAX ABS(V(N010,N014)*I(ESRcf2))

.meas TRAN PRpcflMax MAX ABS(V(N009,N010)*I(Rpcf1))

.meas TRAN PRpcf2Max MAX ABS(V(N014,N015)*I(Rpcf2))

.meas TRAN ES3Dyn INTEG ABS(V(N005,N001)*1(S3)) TARG 400-ABS(V(N001,N007)-V(NO07,N013)-V(N013))=10

.meas TRAN ES4Dyn INTEG ABS(V(N007,N005)*1(S4)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES5Dyn INTEG ABS(V(N010,N007)*1(S5)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES6Dyn INTEG ABS(V(N013,N010)*1(S6)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES7Dyn INTEG ABS(V(N015,N013)*1(S7)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES8Dyn INTEG ABS(-V(N015)*1(S8)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ED1Dyn INTEG ABS(V(N005,N001)*I(D1)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ED2Dyn INTEG ABS(V(N007,N005)*1(D2)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ED3Dyn INTEG ABS(V(N010,N007)*I(D3)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ED4Dyn INTEG ABS(V(N013,N010)*I(D4)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ED5Dyn INTEG ABS(V(N015,N013)*I(D5)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ED6Dyn INTEG ABS(-V(N015)*I(D6)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN PESRcfLDyn INTEG ABS(V(N005,N009)*I(ESRcf1)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN PESRcf2Dyn INTEG ABS(V(N010,N014)*I(ESRcf2)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN PRpcf1Dyn INTEG ABS(V(N009,N010)*I(Rpcfl)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN PRpcf2Dyn INTEG ABS(V(N014,N015)*I(Rpcf2)) TARG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ES3Static INTEG ABS(V(N005,N001)*1(S3)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES4Static INTEG ABS(V(N007,N005)*1(S4)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES5Static INTEG ABS(V(N010,N007)*1(S5)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES6Static INTEG ABS(V(N013,N010)*1(S6)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES7Static INTEG ABS(V(N015,N013)*1(S7)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ES8Static INTEG ABS(-V(N015)*1(S8)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN ED1Static INTEG ABS(V(N005,N001)*1(D1)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ED2Static INTEG ABS(V(N007,N005)*1(D2)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ED3Static INTEG ABS(V(N010,N007)*1(D3)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ED4Static INTEG ABS(V(N013,N010)*1(D4)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ED5Static INTEG ABS(V(N015,N013)*I(D5)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN ED6Static INTEG ABS(-V(N015)*1(D6)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10

.meas TRAN PESRcf1Static MAX ABS(V(N005,N009)*I(ESRcf1)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN PESRcf2Static MAX ABS(V(N010,N014)*I(ESRcf2)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN PRpcf1Static INTEG ABS(V(N009,N010)*I(Rpcfl)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
.meas TRAN PRpcf2Static INTEG ABS(V(N014,N015)*I(Rpcf2)) TRIG 400-ABS(V(N001,N007)-V(N007,N013)-V(N013))=10
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Flyback converter balancing, 2 capacitors
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.meas TRAN B FIND time WHEN V(N001,N009)-V(N009)=10

.meas TRAN Delay PARAM B-0

.meas TRAN UDC MAX V(N001)

.meas TRAN UDC1 MAX V(N001,N009)

.meas TRAN UDC2 MAX V(N009)

.meas TRAN UDCsec MAX V(N003)

.meas TRAN PS3Max MAX ABS(V(N009,N008)*1(S3)) FROM 0.001

.meas TRAN PS4Max MAX ABS(-V(N015)*1(S4)) FROM 0.001

.meas TRAN PD1Max MAX ABS(V(N005,N008)*I(D1)) FROM 0.001

.meas TRAN PD2Max MAX ABS(V(N009,N008)*I(D2)) FROM 0.001

.meas TRAN PD3Max MAX ABS(V(N013,N015)*I(D3)) FROM 0.001

.meas TRAN PD4Max MAX ABS(-V(N015)*I(D4)) FROM 0.001

.meas TRAN PL1Max MAX ABS(V(N005,N001)*I(L1)) FROM 0.001

.meas TRAN PL2Max MAX ABS(V(N013,N009)*I(L2)) FROM 0.001

.meas TRAN PL3Max MAX ABS(V(N002)*I(L3)) FROM 0.001

.meas TRAN PD7Max MAX ABS(V(N002,N003)*I(D7)) FROM 0.001

.meas TRAN PRLMax MAX ABS(V(N003)*I(RL)) FROM 0.001

.meas TRAN PS3Dyn INTEG ABS(V(N009,N008)*1(S3)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PS4Dyn INTEG ABS(-V(N015)*1(S4)) TARG V(N001,N009)-V(N009)=10

.meas TRAN PD1Dyn INTEG ABS(V(N005,N008)*I(D1)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PD2Dyn INTEG ABS(V(N009,N008)*I(D2)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PD3Dyn INTEG ABS(V(N013,N015)*I(D3)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PD4Dyn INTEG ABS(-V(NO015)*1(D4)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PL1Dyn INTEG ABS(V(N005,N001)*I(L1)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PL2Dyn INTEG ABS(V(N013,N009)*I(L2)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PL3Dyn INTEG ABS(V(N002)*I(L3)) TARG V(N001,N009)-V(N009)=10

.meas TRAN PD7Dyn INTEG ABS(V(N002,N003)*I(D7)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PRLDyn INTEG ABS(V(N003)*I(RL)) TARG V(N001,N009)-V(N009)=10
.meas TRAN PS3Static INTEG ABS(V(N009,N008)*1(S3)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PS4Static INTEG ABS(-V(N015)*1(S4)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PD1Static INTEG ABS(V(N005,N008)*1(D1)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PD2Static INTEG ABS(V(N009,N008)*I(D2)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PD3Static INTEG ABS(V(N013,N015)*I(D3)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PD4Static INTEG ABS(-V(N015)*I1(D4)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PL1Static INTEG ABS(V(N005,N001)*I(L1)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PL2Static INTEG ABS(V(N013,N009)*I(L2)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PL3Static INTEG ABS(V(N002)*1(L3)) TRIG V(N001,N009)-V(N009)=10

.meas TRAN PD7Static INTEG ABS(V(N002,N003)*I(D7)) TRIG V(N001,N009)-V(N009)=10
.meas TRAN PRLStatic INTEG ABS(V(N003)*I(RL)) TRIG V(N001,N009)-V(N009)=10
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Flyback converter balancing, 3 capacitors
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.meas TRAN B FIND time WHEN 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10

.meas TRAN Delay PARAM B-0

.meas TRAN UDC MAX V(N001)

.meas TRAN UDC1 MAX V(N001,N009)

.meas TRAN UDC2 MAX V(N009,N016)

.meas TRAN UDC3 MAX V(N016)

.meas TRAN UDCsec MAX V(N004)

.meas TRAN PS3Max MAX ABS(V(N009,N008)*I(S3)) FROM 0.001

.meas TRAN PS4Max MAX ABS(V(N016,N015)*I(S4)) FROM 0.001

.meas TRAN PS5Max MAX ABS(-V(N020)*1(S5)) FROM 0.001

.meas TRAN PD1Max MAX ABS(V(N005,N008)*I(D1)) FROM 0.001

.meas TRAN PD2Max MAX ABS(V(N009,N008)*I(D2)) FROM 0.001

.meas TRAN PD3Max MAX ABS(V(N013,N015)*I(D3)) FROM 0.001

.meas TRAN PD4Max MAX ABS(V(N016,N015)*I(D4)) FROM 0.001

.meas TRAN PD5Max MAX ABS(V(N018,N020)*I(D5)) FROM 0.001

.meas TRAN PD6Max MAX ABS(-V(N020)*I(D6)) FROM 0.001

.meas TRAN PL1Max MAX ABS(V(N005,N001)*I(L1)) FROM 0.001

.meas TRAN PL2Max MAX ABS(V(N013,N009)*I(L2)) FROM 0.001

.meas TRAN PL3Max MAX ABS(V(N018,N016)*I(L3)) FROM 0.001

.meas TRAN PL4Max MAX ABS(V(N002)*I(L4)) FROM 0.001

.meas TRAN PD7Max MAX ABS(V(N002,N003)*I(D7)) FROM 0.001

.meas TRAN PRLMax MAX ABS(V(N003)*I(RL)) FROM 0.001

.meas TRAN ES3Dyn INTEG ABS(V(N009,N008)*1(S3)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ES4Dyn INTEG ABS(V(N016,N015)*1(S4)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ES5Dyn INTEG ABS(-V(N020)*1(S5)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED1Dyn INTEG ABS(V(N005,N008)*I(D1)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED2Dyn INTEG ABS(V(N009,N008)*I(D2)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED3Dyn INTEG ABS(V(N013,N015)*I(D3)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED4Dyn INTEG ABS(V(N016,N015)*I(D4)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED5Dyn INTEG ABS(V(N018,N020)*I(D5)) 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10

.meas TRAN ED6Dyn INTEG ABS(-V(N020)*I(D6)) 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10

.meas TRAN EL1Dyn INTEG ABS(V(N005,N001)*I(L1)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EL2Dyn INTEG ABS(V(N013,N009)*1(L2)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EL3Dyn INTEG ABS(V(N018,N016)*1(L3)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EL4Dyn INTEG ABS(V(N002)*1(L4)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10

.meas TRAN ED7Dyn INTEG ABS(V(N002,N003)*I(D7)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ERLDyn INTEG ABS(V(N003)*I(RL)) TARG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ES3Static INTEG ABS(V(N009,N008)*1(S3)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ES4Static INTEG ABS(V(N016,N015)*1(S4)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ES5Static INTEG ABS(-V(N020)*I(S5)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED1Static INTEG ABS(V(N005,N008)*I(D1)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED2Static INTEG ABS(V(N009,N008)*1(D2)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED3Static INTEG ABS(V(N013,N015)*1(D3)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EDA4Static INTEG ABS(V(N016,N015)*1(D4)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED5Static INTEG ABS(V(N018,N020)*1(D5)) 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED6Static INTEG ABS(-V(N020)*1(D6)) 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10

.meas TRAN EL1Static INTEG ABS(V(N005,N001)*I(L1)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EL2Static INTEG ABS(V(N013,N009)*I(L2)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EL3Static INTEG ABS(V(N018,N016)*I(L3)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN EL4Static INTEG ABS(V(N002)*I(L4)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ED7Static INTEG ABS(V(N002,N003)*1(D7)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10
.meas TRAN ERLStatic INTEG ABS(V(N003)*I(RL)) TRIG 400-ABS(V(N001,N009)-V(N009,N016)-V(N016))=10



L Tspice simulation measurement outputs

Resistor balancing, 2 capacitors

B: time=183.598 at 183.598

Delay: B-0=183.598

UDCMax: MAX(V(N001))=799.451 FROM 0 TO 1000

UDC1Max: MAX(V(N001,N005))=447.902 FROM 0 TO 1000

UDC2Max: MAX(V(N005))=398.764 FROM 0 TO 1000

PRballMax: MAX(ABS(V(N001,N005)*I(Rball)))=10.1321 FROM 0 TO 1000
PRbal2Max: MAX(ABS(V(N005)*I(Rbal2)))=8.03096 FROM 0 TO 1000
ERbal1Dyn: INTEG(V(N001,N005)*I(Rbal1))=1616.79 FROM 0.801468 TO 183.598
ERbal2Dyn: INTEG(V(N005)*I(Rbal2))=1342.41 FROM 0.801468 TO 183.598
ERBal1Static: INTEG(V(N001,N005)*I(Rball))=2577.04 FROM 183.598 TO 500
ERBal2Static: INTEG(V(N005)*I(Rbal2))=2529.65 FROM 183.598 TO 500

Resistor balancing, 3 capacitors

B: time=175.121 at 175.121

Delay: B-0=175.121

UDCMax: MAX(V(N001))=1199.45 FROM 0 TO 1000

UDC1Max: MAX(V(N001,N005))=446.69 FROM 0 TO 1000

UDC2Max: MAX(V(N005,N008))=402.634 FROM 0 TO 1000

UDC3Max: MAX(V(N008))=398.763 FROM 0 TO 1000

PRballMax: MAX(ABS(V(N001,N005)*I(Rball)))=10.0774 FROM 0 TO 1000
PRbal2Max: MAX(ABS(V(N005,N008)*1(Rbal2)))=8.1876 FROM 0 TO 1000
PRbal3Max: MAX(ABS(V(N008)*I(Rbal3)))=8.03092 FROM 0 TO 1000
ERbal1Dyn: INTEG(V(N001,N005)*I(Rbal1))=1541.58 FROM 0.52704 TO 175.121
ERbal2Dyn: INTEG(V(N005,N008)*I1(Rbal2))=1425.03 FROM 0.52704 TO 175.121
ERbal3Dyn: INTEG(V(N008)*I(Rbal3))=1271.13 FROM 0.52704 TO 175.121
ERbal1Stat: INTEG(V(N001,N005)*1(Rbal1))=2645.67 FROM 175.121 TO 500
ERbal2Stat: INTEG(V(N005,N008)*1(Rbal2))=2628.93 FROM 175.121 TO 500
ERbal3Stat: INTEG(V(N008)*1(Rbal3))=2594.21 FROM 175.121 TO 500

BJT balancing, 2 capacitors

B: time=306.726 at 306.726

UDCMax: MAX(V(N001))=800.467 FROM 0 TO 1000

UDC1Max: MAX(V(N001,N008))=448.632 FROM 0 TO 1000

UDC2Max: MAX(V(N008))=397.674 FROM 0 TO 1000

PRbMax: MAX(ABS(I(Rb1_1)*V(n001)))=0.191831 FROM 0 TO 1000

PQ1Max: MAX(ABS(V(N004,N007)*1c(Q1)))=0.759518 FROM 0 TO 1000

PQ2Max: MAX(ABS(V(N009,N011)*1c(Q2)))=0.663781 FROM 0 TO 1000

PQ3Max: MAX(ABS(V(N013,N014)*1c(Q3)))=0.00500515 FROM 0 TO 1000

PQ4Max: MAX(ABS(V(N016,N018)*1c(Q4)))=0.00498525 FROM 0 TO 1000

ERbDyn: INTEG(ABS(V(N001)*I(Rb1_1)))=52.4701 FROM 0.817278 TO 306.726
EQ1Dyn: INTEG(ABS(V(N004,N007)*Ic(Q1)))=77.1875 FROM 0 TO 306.726
EQ2Dyn: INTEG(ABS(V(N009,N011)*Ic(Q2)))=71.7719 FROM 0 TO 306.726
EQ3Dyn: INTEG(ABS(V(N013,N014)*1c(Q3)))=1.11702e-005 FROM 0 TO 306.726
EQ4Dyn: INTEG(ABS(V(N016,N018)*Ic(Q4)))=2.24059e-005 FROM 0 TO 306.726
ERbStatic: INTEG(ABS(V(N001)*I(Rb1_1)))=31.3089 FROM 306.726 TO 500
EQ1Static: INTEG(ABS(V(N004,N007)*Ic(Q1)))=7.06162 FROM 306.726 TO 500
EQ2Static: INTEG(ABS(V(N009,N011)*Ic(Q2)))=7.03954 FROM 306.726 TO 500
EQ3Static: INTEG(ABS(V(N013,N014)*Ic(Q3)))=7.57863e-006 FROM 306.726 TO 500
EQ4Static: INTEG(ABS(V(N016,N018)*Ic(Q4)))=1.51937e-005 FROM 306.726 TO 500
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BJT balancing, 3 capacitors

B: time=496.795 at 496.795

UDCMax: MAX(V(N001))=1200.46 FROM 0 TO 1000

UDC1Max: MAX(V(N001,N010))=447.463 FROM 0 TO 1000

UDC2Max: MAX(V(N010,N023))=402.567 FROM 0 TO 1000

UDC3Max: MAX(V(N023))=400.76 FROM 0 TO 1000

PRb1_1: MAX(ABS(V(N001,N024)*I(Rb1_1)))=0.195943 FROM 0 TO 1000

PRb1_3: MAX(ABS(V(N010)*I(Rb1_3)))=0.157864 FROM 0 TO 1000

PQ1Max: MAX(ABS(V(N002,N007)*Ic(Q1)))=0.339005 FROM 0 TO 1000

PQ2Max: MAX(ABS(V(N008,N011)*1c(Q2)))=0.319366 FROM 0 TO 1000

PQ3Max: MAX(ABS(V(N014,N017)*1c(Q3)))=4.0364e-008 FROM 0 TO 1000
PQ4Max: MAX(ABS(V(N020,N023)*1c(Q4)))=8.09437e-008 FROM 0 TO 1000
PQ5Max: MAX(ABS(V(N013,N016)*1c(Q5)))=0.352437 FROM 0 TO 1000

PQ6Max: MAX(ABS(V(N019,N025)*1c(Q6)))=0.326185 FROM 0 TO 1000

PQ7Max: MAX(ABS(V(N026,N027)*1c(Q7)))=0.0375481 FROM 0 TO 1000
PQ8Max: MAX(ABS(V(N029,N031)*1c(Q8)))=0.0377501 FROM 0 TO 1000
PRb1_1Dyn: INTEG(ABS(V(N001,N024)*I(Rb1_1)))=86.4679 FROM 0 TO 496.795
PRb1_3Dyn: INTEG(ABS(V(N010)*I(Rb1_3)))=77.2015 FROM 0 TO 496.795
PQ1Dyn: INTEG(ABS(V(N002,N007)*Ic(Q1)))=82.5902 FROM 0 TO 496.795
PQ2Dyn: INTEG(ABS(V(N008,N011)*1c(Q2)))=79.3285 FROM 0 TO 496.795
PQ3Dyn: INTEG(ABS(V(N014,N017)*1c(Q3)))=1.93446e-005 FROM 0 TO 496.795
PQ4Dyn: INTEG(ABS(V(N020,N023)*Ic(Q4)))=3.87936e-005 FROM 0 TO 496.795
PQ5Dyn: INTEG(ABS(V(N013,N016)*1c(Q5)))=32.8297 FROM 0 TO 496.795
PQ6Dyn: INTEG(ABS(V(N019,N025)*1c(Q6)))=31.5357 FROM 0 TO 496.795
PQ7Dyn: INTEG(ABS(V(N026,N027)*1c(Q7)))=0.661657 FROM 0 TO 496.795
PQ8Dyn: INTEG(ABS(V(N029,N031)*1c(Q8)))=0.658937 FROM 0 TO 496.795
PRb1_1Stat: INTEG(ABS(V(N001,N024)*I(Rb1_1)))=33.0157 FROM 496.795 TO 700
PRb1_3Stat; INTEG(ABS(V(N010)*I(Rb1_3)))=32.068 FROM 496.795 TO 700
PQ1Stat: INTEG(ABS(V(N002,N007)*1c(Q1)))=9.84082 FROM 496.795 TO 700
PQ2Stat: INTEG(ABS(V(N008,N011)*Ic(Q2)))=9.78721 FROM 496.795 TO 700
PQ3Stat: INTEG(ABS(V(N014,N017)*Ic(Q3)))=7.92765¢-006 FROM 496.795 TO 700
PQ4Stat: INTEG(ABS(V(N020,N023)*1c(Q4)))=1.58959e-005 FROM 496.795 TO 700
PQ5Stat: INTEG(ABS(V(N013,N016)*1c(Q5)))=1.58941e-005 FROM 496.795 TO 700
PQ6Stat: INTEG(ABS(V(N019,N025)*1c(Q6)))=7.92765e-006 FROM 496.795 TO 700
PQ7Stat: INTEG(ABS(V(N026,N027)*1¢(Q7)))=4.09855 FROM 496.795 TO 700
PQ8Stat: INTEG(ABS(V(N029,N031)*1c(Q8)))=4.0934 FROM 496.795 TO 700

MOSFET, 2 capacitors

B: time=84.402 at 84.402

UDCMax: MAX(V(N001))=800.466 FROM 0 TO 1000

UDC1Max: MAX(V(N001,N009))=447.977 FROM 0 TO 1000

UDC2Max: MAX(V(N009))=395.617 FROM 0 TO 1000

PRb: MAX(ABS(I(Rb1_1)*V/(n001)))=0.162781 FROM 0 TO 1000

PM1Max: MAX(ABS(V(N004,N008)*Ix(M1:D)))=1.69104 FROM 0 TO 1000
PM2Max: MAX(ABS(V(N008,N013)*Ix(M2:D)))=1.81558 FROM 0 TO 1000
PM3Max: MAX(ABS(V(N014,N018)*I1x(M3:D)))=0.00412074 FROM 0 TO 1000
PM4Max: MAX(ABS(V(N018,N020)*Ix(M4:D)))=0.00772254 FROM 0 TO 1000
PRs1Max: MAX(ABS(V(N013,N009)*I(Rs1)))=0.130872 FROM 0 TO 1000
PRs2Max: MAX(ABS(V(N009,N014)*1(Rs2)))=2.00049e-006 FROM 0 TO 1000
ERbDyn: INTEG(ABS(V(N001)*I(Rb1_1)))=12.9926 FROM 0 TO 84.402
EM1Dyn: INTEG(ABS(V(N004,N008)*Ix(M1:D)))=68.6276 FROM 0 TO 84.402
EM2Dyn: INTEG(ABS(V(N008,N013)*Ix(M2:D)))=73.4499 FROM 0 TO 84.402
EM3Dyn: INTEG(ABS(V(N014,N018)*Ix(M3:D)))=0.325576 FROM 0 TO 84.402
EM4Dyn: INTEG(ABS(V(N018,N020)*Ix(M4:D)))=0.63611 FROM 0 TO 84.402
ERs1Dyn: INTEG(ABS(V(N013,N009)*I(Rs1)))=4.51656 FROM 0 TO 84.402
ERs2Dyn: INTEG(ABS(V(N009,N014)*I(Rs2)))=1.85026e-005 FROM 0 TO 84.402
ERbStat: INTEG(ABS(V(N001)*I(Rb1_1)))=63.4031 FROM 84.402 TO 500
EM1Stat: INTEG(ABS(V(N004,N008)*Ix(M1:D)))=10.5896 FROM 84.402 TO 500
EM2Stat: INTEG(ABS(V(N008,N013)*Ix(M2:D)))=9.72236 FROM 84.402 TO 500
EM3Stat: INTEG(ABS(V(N014,N018)*Ix(M3:D)))=1.71095 FROM 84.402 TO 500
EM4Stat: INTEG(ABS(V(N018,N020)*Ix(M4:D)))=3.20803 FROM 84.402 TO 500
ERs1Stat: INTEG(ABS(V(N013,N009)*I(Rs1)))=0.00741112 FROM 84.402 TO 500
ERs2Stat: INTEG(ABS(V(N009,N014)*1(Rs2)))=6.91876e-013 FROM 84.402 TO 500
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MOSFET, 3 capacitors

B: time=212.621 at 212.621

UDCMax: MAX(V(N001))=1200.46 FROM 0 TO 1000

UDC1Max: MAX(V(N001,N012))=447.041 FROM 0 TO 1000

UDC2Max: MAX(V(N012,N029))=402.191 FROM 0 TO 1000

UDC3Max: MAX(V(N029))=403.182 FROM 0 TO 1000

PRb1_1Max: MAX(ABS(V(N001,N029)*I(Rb1_1)))=0.172494 FROM 0 TO 1000
PRb1_3Max: MAX(ABS(V(N012)*I(Rb1_3)))=0.151187 FROM 0 TO 1000
PM1Max: MAX(ABS(V(N003,N009)*Ix(M1:D)))=1.67129 FROM 0 TO 1000
PM2Max: MAX(ABS(V(N009,N014)*Ix(M2:D)))=1.79427 FROM 0 TO 1000
PM3Max: MAX(ABS(V(N017,N027)*Ix(M3:D)))=0.00426381 FROM 0 TO 1000
PM4Max: MAX(ABS(V(N027,N032)*Ix(M4:D)))=0.00860406 FROM 0 TO 1000
PM5Max: MAX(ABS(V(N015,N023)*Ix(M5:D)))=1.50252 FROM 0 TO 1000
PM6Max: MAX(ABS(V(N023,N034)*Ix(M6:D)))=1.60944 FROM 0 TO 1000
PM7Max: MAX(ABS(V(N036,N041)*Ix(M7:D)))=0.0597086 FROM 0 TO 1000
PM8Max: MAX(ABS(V(N041,N043)*1x(M8:D)))=0.0590608 FROM 0 TO 1000
PRS1Max: MAX(ABS(V(N014,N012)*I(Rs1)))=0.128281 FROM 0 TO 1000
PRS2Max: MAX(ABS(V(N012,N017)*I(Rs2)))=9.91743e-009 FROM 0 TO 1000
PRS3Max: MAX(ABS(V(N034,N029)*1(Rs3)))=0.129008 FROM 0 TO 1000
PRS4Max: MAX(ABS(V(N029,N036)*I(Rs4)))=0.000152048 FROM 0 TO 1000
ERb1_1Dyn: INTEG(ABS(V(N001,N029)*I(Rb1_1)))=33.4026 FROM 0 TO 212.621
ERb1_3Dyn: INTEG(ABS(V(N012)*I(Rb1_3)))=31.3119 FROM 0 TO 212.621
EM1Dyn: INTEG(ABS(V(N003,N009)*Ix(M1:D)))=70.1508 FROM 0 TO 212.621
EM2Dyn: INTEG(ABS(V(N009,N014)*Ix(M2:D)))=74.5776 FROM 0 TO 212.621
EM3Dyn: INTEG(ABS(V(N017,N027)*Ix(M3:D)))=0.887941 FROM 0 TO 212.621
EM4Dyn: INTEG(ABS(V(N027,N032)*Ix(M4:D)))=1.68853 FROM 0 TO 212.621
EM5Dyn: INTEG(ABS(V(N015,N023)*Ix(M5:D)))=33.5747 FROM 0 TO 212.621
EM6Dyn: INTEG(ABS(V(N023,N034)*Ix(M6:D)))=35.2247 FROM 0 TO 212.621
EM7Dyn: INTEG(ABS(V(N036,N041)*Ix(M7:D)))=0.841819 FROM 0 TO 212.621
EM8Dyn: INTEG(ABS(V(N041,N043)*Ix(M8:D)))=1.58375 FROM 0 TO 212.621
ERs1Dyn: INTEG(ABS(V(N014,N012)*I(Rs1)))=3.54082 FROM 0 TO 212.621
ERs2Dyn: INTEG(ABS(V(N012,N017)*1(Rs2)))=9.35575e-008 FROM 0 TO 212.621
ERs3Dyn: INTEG(ABS(V(N034,N029)*I(Rs3)))=1.77301 FROM 0 TO 212.621
ERs4Dyn: INTEG(ABS(V(N029,N036)*1(Rs4)))=1.52582e-007 FROM 0 TO 212.621
ERb1_1Stat: INTEG(ABS(V(N00L,N029)*I(Rb1_1)))=74.2271 FROM 212.621 TO 700
ERb1_3Stat: INTEG(ABS(V(N012)*I(Rb1_3)))=73.4557 FROM 212.621 TO 700
EM1Stat: INTEG(ABS(V(N003,N009)*Ix(M1:D)))=27.6872 FROM 212.621 TO 700
EM2Stat: INTEG(ABS(V(N009,N014)*Ix(M2:D)))=27.8165 FROM 212.621 TO 700
EM3Stat: INTEG(ABS(V(N017,N027)*Ix(M3:D)))=1.99968 FROM 212.621 TO 700
EMA4Stat: INTEG(ABS(V(N027,N032)*Ix(M4:D)))=3.75572 FROM 212.621 TO 700
EM5Stat: INTEG(ABS(V(N015,N023)*Ix(M5:D)))=3.71716 FROM 212.621 TO 700
EM6Stat: INTEG(ABS(V(N023,N034)*Ix(M6:D)))=1.99844 FROM 212.621 TO 700
EM7Stat: INTEG(ABS(V(N036,N041)*Ix(M7:D)))=8.40313 FROM 212.621 TO 700
EM8Stat: INTEG(ABS(V(N041,N043)*Ix(M8:D)))=9.62293 FROM 212.621 TO 700
ERs1Stat: INTEG(ABS(V(N014,N012)*I(Rs1)))=0.0618952 FROM 212.621 TO 700
ERs2Stat: INTEG(ABS(V(N012,N017)*I(Rs2)))=9.78977e-013 FROM 212.621 TO 700
ERs3Stat: INTEG(ABS(V(N034,N029)*1(Rs3)))=5.57745e-013 FROM 212.621 TO 700
ERs4Stat: INTEG(ABS(V(N029,N036)*1(Rs4)))=0.00944083 FROM 212.621 TO 700
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Switched capacitor, 2 capacitors

B: time=0.49405 at 0.49405

Delay: B-0=0.49405

UDC: MAX(V(N001))=800.195 FROM 0 TO 3

UDC1: MAX(V(N001,N007))=446.639 FROM 0 TO 3

UDC2: MAX(V(N007))=400.095 FROM 0 TO 3

PS3Max: MAX(ABS(V(N005,N001)*1(S3)))=498.072 FROM 0 TO 3

PS4Max: MAX(ABS(V(N007,N005)*1(S4)))=530.789 FROM 0 TO 3

PS5Max: MAX(ABS(V(N010,N007)*1(S5)))=99.0958 FROM 0 TO 3

PS6Max: MAX(ABS(-V(N010)*1(S6)))=106.686 FROM 0 TO 3

PD1Max: MAX(ABS(V(N005,N001)*1(D1)))=0.197476 FROM 0 TO 3

PD2Max: MAX(ABS(V(N007,N005)*1(D2)))=0.198881 FROM 0 TO 3

PD3Max: MAX(ABS(V(N010,N007)*1(D3)))=94.0309 FROM 0 TO 3

PD4Max: MAX(ABS(-V(N010)*1(D4)))=101.46 FROM 0 TO 3

PESRcfMax: MAX(ABS(V(N005,N009)*I(ESRcf)))=0.731315 FROM 0 TO 3
PRpcfMax: MAX(ABS(V(N009,N010)*I(Rpcf)))=0.0993973 FROM 0 TO 3
ES3dyn: INTEG(ABS(V(N005,N001)*1(S3)))=3.17435 FROM 0 TO 0.49405
ES4dyn: INTEG(ABS(V(N007,N005)*1(S4)))=3.17687 FROM 0 TO 0.49405
ES5dyn: INTEG(ABS(V(N010,N007)*1(S5)))=0.969053 FROM 0 TO 0.49405
ES6dyn: INTEG(ABS(-V(N010)*1(S6)))=0.968962 FROM 0 TO 0.49405

ED1Dyn: INTEG(ABS(V(N005,N001)*1(D1)))=0.0411119 FROM 0 TO 0.49405
ED2Dyn: INTEG(ABS(V(N007,N005)*1(D2)))=0.04112 FROM 0 TO 0.49405
ED3Dyn: INTEG(ABS(V(N010,N007)*1(D3)))=0.805222 FROM 0 TO 0.49405
ED4Dyn: INTEG(ABS(-V(N010)*1(D4)))=0.805582 FROM 0 TO 0.49405
PESRcfDyn: INTEG(ABS(V(N005,N009)*I(ESRcf)))=0.0112644 FROM 0 TO 0.49405
PRpcfDyn: INTEG(ABS(V(N009,N010)*I(Rpcf)))=0.0395796 FROM 0 TO 0.49405
ES3Static: INTEG(ABS(V(N005,N001)*1(S3)))=0.225143 FROM 0.49405 TO 3
ES4Static: INTEG(ABS(V(N007,N005)*1(S4)))=0.224741 FROM 0.49405 TO 3
ES5Static: INTEG(ABS(V(N010,N007)*1(S5)))=0.216603 FROM 0.49405 TO 3
ES6Static: INTEG(ABS(-V(N010)*1(S6)))=0.216028 FROM 0.49405 TO 3
ED1Static: INTEG(ABS(V(N005,N001)*1(D1)))=0.196878 FROM 0.49405 TO 3
ED2Static: INTEG(ABS(V(N007,N005)*1(D2)))=0.196865 FROM 0.49405 TO 3
ED3Static: INTEG(ABS(V(N010,N007)*1(D3)))=0.199591 FROM 0.49405 TO 3
ED4Static: INTEG(ABS(-V(N010)*1(D4)))=0.19951 FROM 0.49405 TO 3
PESRcfStatic: INTEG(ABS(V(N005,N009)*I(ESRcf)))=9.87726e-005 FROM 0.49405 TO 3
PRpcfStatic: INTEG(ABS(V(N009,N010)*I(Rpcf)))=0.200567 FROM 0.49405 TO 3
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Switched capacitor, 3 capacitors

B: time=0.87315 at 0.87315

Delay: B-0=0.87315

UDC: MAX(V(N001))=1200.19 FROM 0 TO 3
UDC1: MAX(V(N001,N007))=447.1 FROM 0 TO 3
UDC2: MAX(V(N007,N013))=402.546 FROM 0 TO 3
UDC3: MAX(V(N013))=400.039 FROM 0 TO 3

PS3Max:
PS4Max:
PS5Max:
PS6Max:
PS7Max:
PS8Max:
PD1Max:
PD2Max:
PD3Max:
PD4Max:
PD5Max:
PD6Max:

MAX(ABS(V(N005,N001)*1(S3)))=477.011 FROM 0 TO 3
MAX(ABS(V(N007,N005)*1(S4)))=488.064 FROM 0 TO 3
MAX(ABS(V(N010,N007)*1(S5)))=123.758 FROM 0 TO 3
MAX(ABS(V(N013,N010)*1(S6)))=80.0318 FROM 0 TO 3
MAX(ABS(V(N015,N013)*1(S7)))=141.989 FROM 0 TO 3
MAX(ABS(-V(N015)*I(S8)))=141.037 FROM 0 TO 3
MAX(ABS(V(N005,N001)*1(D1)))=0.199707 FROM 0 TO 3
MAX(ABS(V(N007,N005)*1(D2)))=0.201054 FROM 0 TO 3
MAX(ABS(V(N010,N007)*1(D3)))=0.162598 FROM 0 TO 3
MAX(ABS(V(N013,N010)*1(D4)))=0.16218 FROM 0 TO 3
MAX(ABS(V(N015,N013)*1(D5)))=135.96 FROM 0 TO 3
MAX(ABS(-V(NO15)*1(D6)))=135.028 FROM 0 TO 3

PESRcf1Max: MAX(ABS(V(N005,N009)*I(ESRcfL)))=0.642502 FROM 0 TO 3
PESRcf2Max: MAX(ABS(V(N010,N014)*|(ESRcf2)))=0.979704 FROM 0 TO 3
PRpcf1Max: MAX(ABS(V(N009,N010)*I(Rpcf1)))=0.102203 FROM 0 TO 3
PRpcf2Max: MAX(ABS(V(N014,N015)*I(Rpcf2)))=0.0810273 FROM 0 TO 3

ES3Dyn:
ES4Dyn:
ES5Dyn
ES6Dyn:
ES7Dyn:
ES8Dyn:
ED1Dyn
ED2Dyn
ED3Dyn:
EDA4Dyn:
EDSDyn:
ED6Dyn

INTEG(ABS(V(N005,N001)*1(S3)))=2.85192 FROM 0 TO 0.87315
INTEG(ABS(V(N007,N005)*1(S4)))=2.84756 FROM 0 TO 0.87315

- INTEG(ABS(V(N010,N007)*1(S5)))=0.194686 FROM 0 TO 0.87315

INTEG(ABS(V(N013,N010)*1(S6)))=0.193553 FROM 0 TO 0.87315
INTEG(ABS(V(N015,N013)*1(S7)))=1.23846 FROM 0 TO 0.87315
INTEG(ABS(-V(NO15)*1(S8)))=1.23371 FROM 0 TO 0.87315

- INTEG(ABS(V(N005,N001)*I(D1)))=0.0737477 FROM 0 TO 0.87315
- INTEG(ABS(V(N007,N005)*1(D2)))=0.0737502 FROM 0 TO 0.87315

INTEG(ABS(V(N010,N007)*1(D3)))=0.0685084 FROM 0 TO 0.87315
INTEG(ABS(V(N013,N010)*1(D4)))=0.0685099 FROM 0 TO 0.87315
INTEG(ABS(V(N015,N013)*1(D5)))=1.06633 FROM 0 TO 0.87315

- INTEG(ABS(-V(N015)*I(D6)))=1.06276 FROM 0 TO 0.87315

PESRcf1Dyn: INTEG(ABS(V(N005,N009)*I(ESRcf1)))=0.00996792 FROM 0 TO 0.87315
PESRcf2Dyn: INTEG(ABS(V(N010,N014)*I(ESRcf2)))=0.0145647 FROM 0 TO 0.87315
PRpcf1Dyn: INTEG(ABS(V(N009,N010)*I(RpcfL)))=0.0733983 FROM 0 TO 0.87315
PRpcf2Dyn: INTEG(ABS(V(NO014,N015)*I(Rpcf2)))=0.0666499 FROM 0 TO 0.87315
ES3Static: INTEG(ABS(V(N005,N001)*I(S3)))=0.196419 FROM 0.87315 TO 3

ES4Static: INTEG(ABS(V(N007,N005)*1(S4)))=0.19621 FROM 0.87315 TO 3

ES5Static: INTEG(ABS(V(NO10,N007)*1(S5)))=0.167379 FROM 0.87315 TO 3

ES6Static:
ES7Static:
ES8Static:
ED1Static
ED2Static
ED3Static
EDA4Static
ED5Static
ED6Static
PESRCcf1S
PESRcf2S

INTEG(ABS(V(N013,N010)*1(S6)))=0.167333 FROM 0.87315 TO 3
INTEG(ABS(V(N015,N013)*1(S7)))=0.190374 FROM 0.87315 TO 3
INTEG(ABS(-V(NO15)*1(S8)))=0.189446 FROM 0.87315 TO 3

- INTEG(ABS(V(N005,N001)*1(D1)))=0.167423 FROM 0.87315 TO 3

- INTEG(ABS(V(N007,N005)*1(D2)))=0.167411 FROM 0.87315 TO 3

- INTEG(ABS(V(N010,N007)*I(D3)))=0.16684 FROM 0.87315 TO 3

- INTEG(ABS(V(N013,N010)*I(D4)))=0.16683 FROM 0.87315 TO 3

- INTEG(ABS(V(N015,N013)*I(D5)))=0.171217 FROM 0.87315 TO 3

- INTEG(ABS(-V(N015)*1(D6)))=0.171086 FROM 0.87315 TO 3

tatic: MAX(ABS(V(N005,N009)*I(ESRcf1)))=0.00625308 FROM 0.87315 TO 3

tatic: MAX(ABS(V(N010,N014)*I(ESRcf2)))=0.00875792 FROM 0.87315 TO 3

PRpcfiStatic: INTEG(ABS(V(N009,NO10)*I(Rpcfl)))=0.170613 FROM 0.87315 TO 3
PRpcf2Static: INTEG(ABS(V(NO14,N015)*I(Rpcf2)))=0.169809 FROM 0.87315 TO 3
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Flyback converter, 2 capacitors

B: time=1.04797 at 1.04797

Delay: B-0=1.04797

UDC: MAX(V(N001))=800.813 FROM 0 TO 3

UDC1: MAX(V(N001,N009))=448.409 FROM 0 TO 3

UDC2: MAX(V(N009))=400.406 FROM 0 TO 3

UDCsec: MAX(V(N003))=36.0989 FROM 0 TO 3

PS3Max: MAX(ABS(V(N009,N008)*1(S3)))=321.371 FROM 0.001 TO 3
PS4Max: MAX(ABS(-V(N015)*1(S4)))=128.313 FROM 0.001 TO 3

PD1Max: MAX(ABS(V(N005,N008)*1(D1)))=1.4535 FROM 0.001 TO 3
PD2Max: MAX(ABS(V(N009,N008)*1(D2)))=0.58716 FROM 0.001 TO 3
PD3Max: MAX(ABS(V(N013,N015)*1(D3)))=0.580362 FROM 0.001 TO 3
PD4Max: MAX(ABS(-V(N015)*1(D4)))=0.467029 FROM 0.001 TO 3

PL1Max: MAX(ABS(V(N005,N001)*1(L1)))=745.921 FROM 0.001 TO 3
PL2Max: MAX(ABS(V(N013,N009)*1(L2)))=298.529 FROM 0.001 TO 3
PL3Max: MAX(ABS(V(N002)*1(L3)))=533.966 FROM 0.001 TO 3

PD7Max: MAX(ABS(V(N002,N003)*1(D7)))=293.828 FROM 0.001 TO 3
PRLMax: MAX(ABS(V(N003)*I(RL)))=143.772 FROM 0.001 TO 3

PS3Dyn: INTEG(ABS(V(N009,N008)*1(S3)))=0.940668 FROM 0 TO 1.04797
PS4Dyn: INTEG(ABS(-V(N015)*1(S4)))=0.27293 FROM 0 TO 1.04797
PD1Dyn: INTEG(ABS(V(N005,N008)*1(D1)))=0.272268 FROM 0 TO 1.04797
PD2Dyn: INTEG(ABS(V(N009,N008)*1(D2)))=0.318754 FROM 0 TO 1.04797
PD3Dyn: INTEG(ABS(V(N013,N015)*1(D3)))=0.00195291 FROM 0 TO 1.04797
PD4Dyn: INTEG(ABS(-V(N015)*1(D4)))=0.272934 FROM 0 TO 1.04797
PL1Dyn: INTEG(ABS(V(N0O05,N001)*I(L1)))=143.24 FROM 0 TO 1.04797
PL2Dyn: INTEG(ABS(V(N013,N009)*I(L2)))=0.247044 FROM 0 TO 1.04797
PL3Dyn: INTEG(ABS(V(N002)*1(L3)))=142.703 FROM 0 TO 1.04797
PD7Dyn: INTEG(ABS(V(N002,N003)*I(D7)))=10.2011 FROM 0 TO 1.04797
PRLDyn: INTEG(ABS(V(N003)*I(RL)))=131.923 FROM 0 TO 1.04797
PS3Static: INTEG(ABS(V(N009,N008)*1(S3)))=0.872388 FROM 1.04797 TO 3
PS4Static: INTEG(ABS(-V(N015)*1(S4)))=0.806823 FROM 1.04797 TO 3
PD1Static: INTEG(ABS(V(N005,N008)*1(D1)))=0.238125 FROM 1.04797 TO 3
PD2Static: INTEG(ABS(V(N009,N008)*1(D2)))=0.521971 FROM 1.04797 TO 3
PD3static: INTEG(ABS(V(N013,N015)*1(D3)))=0.207322 FROM 1.04797 TO 3
PDA4Static: INTEG(ABS(-V(N015)*1(D4)))=0.521453 FROM 1.04797 TO 3
PL1Static: INTEG(ABS(V(N005,N001)*I(L1)))=125.524 FROM 1.04797 TO 3
PL2Static: INTEG(ABS(V(N013,N009)*1(L2)))=110.08 FROM 1.04797 TO 3
PL3Static: INTEG(ABS(V(N002)*1(L3)))=234.402 FROM 1.04797 TO 3
PD7Static: INTEG(ABS(V(N002,N003)*1(D7)))=17.1234 FROM 1.04797 TO 3
PRLStatic: INTEG(ABS(V(N003)*I(RL)))=216.31 FROM 1.04797 TO 3
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Flyback
B: time=
Delay: B

converter, 3 capacitors
1.50327 at 1.50327
-0=1.50327

UDC: MAX(V(N001))=1200.94 FROM 0 TO 3
UDC1: MAX(V(N0O1,N009))=447.324 FROM 0 TO 3
UDC2: MAX(V(N009,N016))=418.244 FROM 0 TO 3
UDC3: MAX(V(N016))=400.312 FROM 0 TO 3

UDCsec:

PS3Max:

PS4Max:
PS5Max:
PD1Max

PD2Max:
PD3Max:
PD4Max:
PD5Max:
PD6Max:
PL1Max:
PL2Max:
PL3Max:
PL4Max:
PD7Max:

MAX(V(N004))=10 FROM 0 TO 3
MAX(ABS(V(N009,N008)*I(S3)))=321.748 FROM 0.001 TO 3
MAX(ABS(V(N016,N015)*1(S4)))=140.561 FROM 0.001 TO 3
MAX(ABS(-V(N020)*1(S5)))=85.1631 FROM 0.001 TO 3
- MAX(ABS(V(N005,N008)*I(D1)))=1.45107 FROM 0.001 TO 3
MAX(ABS(V(N009,N008)*I(D2)))=0.588239 FROM 0.001 TO 3
MAX(ABS(V(N013,N015)*1(D3)))=0.613045 FROM 0.001 TO 3
MAX(ABS(V(N016,N015)*1(D4)))=0.521867 FROM 0.001 TO 3
MAX(ABS(V(N018,N020)*I(D5)))=0.37464 FROM 0.001 TO 3
MAX(ABS(-V(N020)*I(D6)))=0.466848 FROM 0.001 TO 3
MAX(ABS(V(N005,NO01)*I(L1)))=743.026 FROM 0.001 TO 3
MAX(ABS(V(N013,N009)*I(L2)))=327.207 FROM 0.001 TO 3
MAX(ABS(V(N018,N016)*1(L3)))=199.255 FROM 0.001 TO 3
MAX(ABS(V(N002)*I(L4)))=534.711 FROM 0.001 TO 3
MAX(ABS(V(N002,N003)*1(D7)))=294.05 FROM 0.001 TO 3

PRLMax: MAX(ABS(V(N003)*I(RL)))=144.025 FROM 0.001 TO 3

ES3Dyn:
ES4Dyn:
ES5Dyn:

ED1Dyn:
ED2Dyn:
ED3Dyn:
EDA4Dyn:
EDSDyn:
ED6Dyn:

EL1Dyn:
EL2Dyn:
EL3Dyn:
EL4Dyn:
ED7Dyn
ERLDyn

ES3Static: INTEG(ABS(V(N009,N008)*1(S3)))=0.553239 FROM 1.50327 TO 3
ES4Static: INTEG(ABS(V(N016,N015)*1(S4)))=0.555638 FROM 1.50327 TO 3

INTEG(ABS(V(N009,N008)*1(S3)))=0.897809 FROM 0 TO 1.50327
INTEG(ABS(V(N016,N015)*1(S4)))=0.602924 FROM 0 TO 1.50327
INTEG(ABS(-V(N020)*1(S5)))=0.38108 FROM 0 TO 1.50327
INTEG(ABS(V(N005,N008)*1(D1)))=0.244972 FROM 0 TO 150327
INTEG(ABS(V(N009,N008)*1(D2)))=0.439486 FROM 0 TO 1.50327
INTEG(ABS(V(N013,N015)*1(D3)))=0.122152 FROM 0 TO 1.50327
INTEG(ABS(V(N016,N015)*1(D4)))=0.430414 FROM 0 TO 1.50327
INTEG(ABS(V(N018,N020)*1(D5)))=0.0831171 FROM 0 TO 3
INTEG(ABS(-V(N020)*I(D6)))=0.779685 FROM 0 TO 3
INTEG(ABS(V(N005,N001)*1(L1)))=131.987 FROM 0 TO 1.50327
INTEG(ABS(V(N013,N009)*(L2)))=66.5001 FROM 0 TO 1.50327
INTEG(ABS(V(N018,N016)*1(L3)))=0.341691 FROM 0 TO 1.50327
INTEG(ABS(V(N002)*1(L4)))=197.108 FROM 0 TO 1.50327

- INTEG(ABS(V(N002,N003)*I(D7)))=14.1843 FROM 0 TO 1.50327

- INTEG(ABS(V(NO03)*I(RL)))=182.093 FROM 0 TO 1.50327

ES5Static: INTEG(ABS(-V(N020)*1(S5)))=0.486601 FROM 1.50327 TO 3

ED1Stati
ED2Stati
ED3Stati
EDA4Stati
ED5Stati
EDG6Stati

C:.
C:.
C.
C:.
¢: INTEG(ABS(V(N018,N020)*I(D5)))=0.0831171 FROM 0 TO 3
¢ INTEG(ABS(-V(N020)*I(D6)))=0.779685 FROM 0 TO 3

EL1Static: INTEG(ABS(V(N005,N001)*I(L1)))=68.5948 FROM 1.50327 TO 3
EL2Static: INTEG(ABS(V(N013,N009)*I(L2)))=69.3741 FROM 1.50327 TO 3
EL3Static: INTEG(ABS(V(N018,NO16)*1(L3)))=43.7728 FROM 1.50327 TO 3
EL4Static: INTEG(ABS(V(N002)*1(L4)))=180.189 FROM 1.50327 TO 3

ED7Stati
ERLStati

¢: INTEG(ABS(V(N002,N003)*I(D7)))=13.1582 FROM 1.50327 TO 3
¢: INTEG(ABS(V(N003)*I(RL)))=166.272 FROM 1.50327 TO 3

INTEG(ABS(V(N005,N008)*1(D1)))=0.127117 FROM 1.50327 TO 3
INTEG(ABS(V(N009,N008)*1(D2)))=0.401158 FROM 1.50327 TO 3
INTEG(ABS(V(N013,N015)*1(D3)))=0.128619 FROM 150327 TO 3
INTEG(ABS(V(N016,N015)*1(D4)))=0.401163 FROM 1.50327 TO 3
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