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Abstract—A model-based multi-objective optimization has
been proposed in this paper to find the optimum switching
frequency, modulation method, and semiconductor to maximize
both efficiency and power density. Power loss estimations have
been done for semiconductors as the primary source, but
volume optimizations for DC-Link capacitors, heatsink, and
passive components in EMI filter, separately. The analysis has
been done for a 30 (kW) three-phase two-level inverter for
DC-Fed motor drive applications using a model, based on the
PLECS thermal model of semiconductors. A maximum 4%
difference has been found between the power loss results of the
model and PLECS, which was expected due to using average
junction temperature in the model to decrease its running time.
Optimum switching frequency, modulation methods, and
semiconductor comparisons have been reported, as well as the
optimum efficiency and power density achieved.

Keywords—Power loss modeling, Volume estimation,

Efficiency and power density optimization

1. INTRODUCTION

Efficiency and power density have always been important
in power electronic inverters, specifically in electric drive
applications. Different parameters have been analyzed in the
literature to maximize efficiency and power density, but the
most dominant one is switching frequency [1-3]. By
increasing the switching frequency, the switching loss
increases and subsequently reduces the efficiency of the
inverter. Depending on the operating points, utilized
components, topology, etc., the power density increases by
increasing the switching frequency until a specific value. This
value is a potential point for optimum switching frequency
and maximizing power density. Also, a tradeoff between
efficiency and power density of the inverter can propose an
optimum point by Pareto front if there is no priority or a limit
for efficiency. Several optimization studies have been done
to estimate and optimize the power density of inverter [4, 5].

Semiconductor characteristics are essential in conduction
and switching power loss. Based on the operating point of the
inverter, different Silicon Carbide (SiC) semiconductors can
be compared to achieve lower power loss in a range of
switching frequencies. Even though minimum turn on
resistance multiplied by total turns on and off energy of the
semiconductor (Ron*Etot) Was a very straightforward solution
to find the optimum semiconductor, in the case of targeting
higher switching frequency to increase the power density,
semiconductors with lower turn-on/off losses are more
interesting than those with lower turn-on resistance. The
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modulation method is another practical factor in the power
loss of semiconductors and the volume of passive
components and even heatsinks. While Space Vector
Modulation (SVM) and Sinusoidal Pulse Width Modulation
(SPWM) methods are primarily implemented in literature,
DPWM methods have been utilized as alternatives in some
cases to achieve better results in power loss matters [6].

Comparison of several modulation methods and
semiconductors with small switching frequency steps and a
rather vast range, results in a very long simulation time to
obtain the results from PLECS and send them to MATLAB
or save to use as input data for optimizations. On the other
hand, the volume of the inverter needs to be estimated by
separate calculations and added to power loss results to create
efficiency over the power density graph. Modeling the
inverter and power loss beside volume estimations can help
to find optimum points faster by costing a slight difference,
which can be kept to a minimum to avoid any influence on
the results [7, 8].

This paper presents the efficiency and power density of a
30 (kW) three-phase two-level inverter from 10 (kHz) to
80 (kHz) for a DC-Fed drive application as shown in Fig. 1.
A three-phase, two-level inverter has been modeled to create
the required waveforms of the inverter for power loss
calculations and volume estimations. The conduction and
switching loss of the semiconductors have been calculated
using a power loss model from the thermal model of each
semiconductor in PLECS. A volume estimation study has
been presented for the heatsink, DC-Link capacitors, and
EMI filter capacitor and inductor directly from dimensions
reported in datasheets. A DC side single-stage EMI filter has
been designed for SVM, and Discontinuous PWMs
(DPWMs) like DPWMMAX and DPWMO for 20 (kHz) and
80 (kHz) switching frequency. Ultimately, a volume
estimation equation has been extracted for each component
using available products on the market from different
companies. The main target is to find the optimum switching
frequency, modulation method, and semiconductor using a
two-level inverter model at the end. Section II introduces the
modeling of inverter and power loss, including a thermal
model of semiconductors, conduction, and power loss, as
well as modulation methods. EMI filter design and volume
estimation of passive components and heatsink have been
presented in Sections III, and IV, respectively. Section V
clarifies the optimization results, and Section VI concludes
the paper.
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II. MODELING OF INVERTER AND POWER LOSS

In this paper, different calculations and optimizations
should connect with each other to create the desired results
from optimizations. While PLECS utilizes thermal models of
semiconductors and heatsink with associated thermal
resistance, for volume estimations and optimizations, a code
is needed to connect the results and achieve a comprehensive
comparison. This can be done by PLECS Blockset, but
extracting results from PLECS to MATLAB makes it very
time-consuming. Having a range of switching frequencies for
power loss, EMI filter design, and comparing different
semiconductors and modulation methods slows it down even
more. A three-phase two-level inverter has been modeled in
MATLAB to speed up the optimization process. The model
is for 800 (V) DC-Link and 40 (A) output rms current and all
current and voltage waveforms for switches and output load
have been modeled and compared with PLECS. The results
are similar, with a minimum difference, and accurate enough
to be utilized further for power loss modeling, calculation,
and related optimizations.

A. Thermal model of semiconductors

To model semiconductor power loss, an average junction
temperature should be estimated first. However, as shown in
(1), the total power loss of semiconductors and junction
temperature are dependent on each other [2].

TJ,ave = TA +n. PLoss Rowa +PLoss RHCH+ PLoss RHJC (1)

T4 and Tjave are the ambient temperature and average
junction temperature, Pro is the total power loss for each
semiconductor on the heatsink, n is the number of
semiconductors on the heatsink, and Rewa, Reca, Rejc are
thermal resistance from heatsink to ambient, case to ambient,
and junction to case, respectively. The ambient temperature
is considered 25 (°C), and thermal resistance is acquired from
the datasheet of the heatsink based on its length. The
minimum heatsink thermal resistance should be estimated for
each switching frequency, explained more in section III. All
six semiconductors of the inverter have been placed on a
forced air-cooled heatsink, which means » is six in the
average junction temperature calculations of the model.

B. Conduction and switching loss

The next step is the power loss calculation of
semiconductors, including conduction and switching loss. To
calculate the conduction power loss of each switch, the ON
resistance (Ron) of the semiconductor has been estimated
using the conduction loss lookup table from the PLECS
thermal model of the semiconductor at first. The inputs of this
lookup table are the instant current (/,) and average junction
temperature of the switch, and the output is ON drain to

source voltage (Von). Then, by dividing this voltage over
current, the Ron value for that instant can be utilized to
calculate the conduction loss of each instant using Ron./,’
equation. Ultimately, the average of these values in a cycle
gives the conduction loss of the model according to (2) in
which 7 is the number of samples in each cycle.

h 2
_ Ron %/,
Pcon 72 . n s (2)
n=

For switching loss estimations, turn ON and OFF energy
(Eon, Eorr) lookup tables from the PLECS thermal model of
semiconductors have been used to estimate total (turn ON and
OFF) switching power loss. The inputs are junction
temperature and semiconductor current at each turn ON/OFF
time. Therefore, the switching power loss can be calculated
by dividing the summation of all turns ON/OFF energies by
the cycling time (7), which is 0.02 (Sec) due to the 50 (Hz)
fundamental frequency of the inverter.

m
_ EoN,n + EOFF, n
Po=Y e ot 3)
.

In equation (3), m denotes the number of turns ON/OFF
for averaging switching loss, which should be high enough to
provide an accurate estimation but not too high to slow down
the model.

After estimating a primary value for power loss using
ambient temperature, the junction temperature can be updated
for the first time, having total power loss. While this junction
temperature is far from steady state temperature, it helps to
update the power loss in the next step. Finally, after updating
the junction temperature and related power loss several times,
the steady state average junction temperature and power loss
can be estimated. The number of iterations depends on the
switching frequency and thermal resistance, and for higher
switching frequencies, more iterations are needed to achieve
enough accuracy in junction temperature and power loss.

C. Modulation methods

In general, the carrier frequency is used to consider as
switching frequency, while this is only correct for SPWM,
SVM, or any other methods in which the switching process is
continuous and is not stopped for any semiconductor,
whether in turn ON or OFF mode. But, in any discontinuous
PWM methods like DPWMSs, the number of turns ON/OFF
of each semiconductor multiplied by fundamental frequency
defines the actual switching frequency. Because there is a gap
in which there is not any switching in semiconductors. This
is a key point in analytical calculations of semiconductor
switching loss, which has been taken into account in the
switching loss modeling of this paper. Besides SVM and
SPWM methods, DPWMO0-3 as well as DPWMMIN and
DPWMMAX from space vector PWM block of the PLECS
have been compared for power loss calculations, and the
lowest power loss result of each group considered for EMI
filter design and volume estimations. More detail has been
included in Section V.

III. EMI FILTER DESIGN

DC and AC side EMI filters are essential for DC-fed
motor drives. Among these, in a two-level voltage source
inverter, the weight contribution of the DC filter is higher
than that of the AC-side filter, particularly at higher switching
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TABLE 1. DC-SIDE FILTER PARAMETERS
WM Method |- D [0 [ Lo mi) | @)
20 (kHz) 80 (kHz)
SVM 12 0.88 5.7 6.3
DPWMO 1.1 0.88 3.9 458
DPWMMAX | L1 0.88 3.9 3.68

frequencies [9]. The major passive components contributing
to the weight of the DC filter are the Common-Mode (CM)
choke (Lcwm) and the Differential-Mode (DM) capacitor (Cy).

This section presents a comparative analysis of DC-side
EMI filter parameters for two switching frequencies,
20 (kHz) and 80 (kHz), using different PWM methods: SVM,
DPWMO, and DPWMMAX. A single-stage EMI filter
(Fig. 2) is designed for a two-level inverter with an 800 (V)
DC-link and a rated current of 40 (A) rms. The required
attenuation for CM and DM noise is determined by
calculating their respective corner frequencies [10]. The filter
component values are derived based on these computed
corner frequencies, where the leakage inductance of the CM
choke is utilized as the DM inductance (Lpy). The CM
capacitance (Cy) is chosen as 1 (nF) for all cases. Using the
designed filter parameters, EMI noise is estimated through
modeling, and validation confirms that the noise levels
comply with the CISPR 25 standard. The designed values are
provided in Table I.

It is evident that the filter requirement at a switching
frequency of 80 (kHz) is significantly higher than at 20 (kHz).
Furthermore, at high switching frequencies, the choice of
PWM method has a considerable impact on filter volume.
Specifically, at 80 (kHz), it is observed that DPWM methods
result in a lower filter requirement compared to SVM.
Therefore, selecting an appropriate switching frequency and
PWM method is crucial for enhancing power density.

IV. VOLUME ESTIMATION

To calculate the power density of the inverter at each
switching frequency, the volume of the inverter should be
estimated. The bulkiest components of the inverter are the
passive components in the DC-Link and EMI filter, as well
as cooling system, which is considered an air-cooled heatsink
in this paper. In this Section, the share of each component has
been estimated to complete the power density calculations.
All estimations have been made for 800 (V) DC-link voltage
and 40 (A) rms output current.

A. DC-Link capacitors

As a part of power density optimizations, the lowest
volume of capacitors meeting the minimum required
specifications like rated voltage and current ripple, as well as
capacitance to keep the voltage ripple below a specific value,
has been found between several film capacitors from different
companies. Fig. 3 shows the volume of capacitors with
varying capacitances, and the best capacitors in terms of
having a lower volume in a range of capacitances have been
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Fig. 3. DC-Link capacitor volume estimation with required
capacitance

selected to fit a linear equation (4). Using this equation for
volume estimation of the DC-Link capacitors can reduce the
running time of the model. But, to estimate the volume of
capacitors in different switching frequencies, the relation
between capacitance and switching frequency (5) should be
substituted in (4) [11]. The final acquired equation for volume
estimation of the DC-Link capacitor is presented in (6). The
rated voltage of the capacitors is 900 (V), and three capacitors
should be paralleled to meet a minimum 56 (A) peak current
ripple, which reduces the Equivalent Series Inductance (ESL)
and Equivalent Series Resistance (ESR) in its own turns.

Volpc.cap(L) = 0.0026 C + 0.028 “

1

Cz2r——F——
4 stw XA Vripple

)

AViipple 1s the maximum allowed ripple, and 7 is the load
current. AVsipple is 1% of DC-Link voltage, and C and f;,
should be in (LF) and (Hz), respectively, to reach volume in
Liter in (4) and (6), but in (5), having f;, in (Hz) gives
capacitance in (F).

Volpe.cop(L) = ;_z 20.028 6)

B. Heatsink

Heat sink occupies a significant portion of the volume in
an inverter. While increasing the heatsink volume improves
the cooling of the semiconductor and thereby the power loss,
it decreases the power density. Besides finding an optimum
point to maximize power density, there is a junction
temperature limit for any kind of semiconductors, which
should be cooled enough to avoid any damage and increase
their lifetime. SiC MOSFETs have been selected to
investigate in this paper and the maximum junction
temperature is 175 (°C). Fischer Elektronik forced air-cooled
heat sink (LA6) has been considered as a cooling system in
this study, and to estimate the heat sink volume, the relation
between the length of the heat sink and its thermal resistance
(Rn) has been obtained from the volume of the heatsink can
be calculated using the minimum required R, (7).

VOlHeatsink(L) =2.3625-9.45 Rth (7)
As discussed, the target is to estimate the volume of the most

effective components in different switching frequencies. So,
the relation between switching frequency and Ry can
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complete the volume estimation of the heat sink based on
switching frequency. To obtain the minimum required Ry, for
switching frequency from 10 (kHz) to 80 (kHz), PLECS
simulations have been utilized in such a way that, at each
switching frequency step, a three-phase two-level inverter
has been simulated to reach Rs of which the junction
temperature of semiconductor touches 175 (°C). Of course,
this value is not logical for volume estimations, and a safety
margin should be considered. The acquired Ry value from
simulations decreased by 20%, bringing junction temperature
to significantly lower than 175 (°C). Fig. 4 shows the needed
Ry, for switching frequency of 10 (kHz) to 80 (kHz), and (8)
is the associated equation for the fitted curve.

Ry =0.0000145 f;,,7 — 0.00307 fi,, + 0.2343 (8)

Substituting (8) in (7) gives the heatsink volume
estimation equation by switching frequency (9).

VolsteasindL) = —0.000137 fio? + 0.029 fo, + 0.148 )

The summation of the volumes of these components can
be used to acquire a net volume for the inverter. However, to
make power density more realistic, a coefficient should be
multiplied to estimate the boxed volume of the inverter.

C. EMI filter components

The other bulky components of an inverter are passives in
the filter. In this paper, a DC EMI filter has been designed for
a two-level inverter with 800 (V) DC-Link and 40 (A) rms
current, SVM and DPWM modulation methods, and
switching frequencies of 20 (kHz) and 80 (kHz). The power
loss of these devices is much lower than the power loss of
semiconductors and has not been considered in the total
power loss and efficiency of the inverter. Similar to the
volume estimation of DC-Link capacitors, the same volume
estimation equation has been created for the EMI filter
capacitor but for lower capacitances than those in DC-Link
as seen from Fig. 5 and Fig. 6, respectively. Equations (10)
and (11) estimate the volume for the DM capacitor and CM
choke, based on fitted line on related figures for capacitor and
inductor.

Volpm.cap(L) = 0.00237 C + 0.00236 (10)

Voley-chore(L) = 0.0658 L+ 0.0447 (11)
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Fig. 5. Capacitors volume with different capacitances for volume
estimation of DM capacitor
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V. OPTIMIZATION RESULTS

Optimizing the power density of a three-phase two-level
inverter is the main target of the paper which is summarized
in Fig. 7. The optimization should be fast but not influencing
the accuracy of the results at the same time. To aim this
purpose, a three-phase two-level inverter has been modeled,
and the output results are pretty similar to the simulation
results from PLECS. Furthermore, the conduction and
switching loss of the semiconductors have been estimated by
adding the thermal model of semiconductors and average
junction temperature. The results for the total power loss of
the model show a difference of up to 4% compared to PLECS
as seen from Fig. 8 but make it up to five times faster.
Utilizing average junction temperature affected switching
loss more than conduction loss. Thus, lower switching
frequencies have lower difference with simulation results.
However, achieving accurate optimum points requires a vast
comparison between different parameters and still needs to
be fast enough.

In this study, wvariables are switching frequency,
modulation method, and utilized semiconductors. Compared
semiconductors and modulation methods are listed in
Table II. But, to optimize the inverter more accurately in
terms of switching frequency, a 2 (kHz) step of switching
frequency has been considered from 10 (kHz) to 80 (kHz).
The model-based optimizations have been done for an
inverter with operating points and specifications presented in
Table III. Based on this model, the power loss of
semiconductors has been modeled for different modulation
methods and three of them have been considered for EMI
filter design. Fig. 9 illustrates efficiency against power
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TABLE IL COMPARED MODULATION METHODS AND 400
SEMICONDUCTORS IN THE INVERTER ~
2 350
Modulation Method | Semiconductor Current (A) | Ron (mQ) 2
SPWM C3M0016120K 115 16 5300
SVM C3M0021120K 100 21 £ 250 —©— PLECS
DPWMO, 1 C3M0032120k 63 32 == Model
200 ! ! ! I .

DPWMMAX C3M0040120k 66 40 20 30 40 50 60 70 30
DPWMMIN IMZAI120R014MIH | 127 14 Switching Frequency (kHz)

TABLE HI. OPERATING POINTS AND SPECIFICATIONS OF THE INVERTER Fig. 8. Total power loss of semiconductors in PLECS and model
Parameter Value Parameter Value 995 ' . : r : 80
DC-Link Voltage 800 (V) Output rms current | 40 (A) P : (] : ’ :.. ‘ (1] 70
Switching Fundamental L ° e N

K ° T

frequency 10-80 (kHz) frequency 30 (Hz) 992+ . s B 60 =
& o >

Modulation index | 0.9 Power factor 0.95 > ® o, o H '& 50 8
. L & Soq -
density results for a switching frequency from 10 (kHz) to 2989F o o 4 40 £

80 (kHz) and a frequency step of 2 (kHz) for SVM and = o® $ O Feooromy E

1.33 (kHz) for DPWMMAX and DPWMO. The results have H e 30 &

been indicated for five different semiconductors, three 986l ] 20 &

modulation methods, and several switching frequency points. /

The maximum power density of the inverter has been 98.4 | . , . 10

"8 10 12 14 16 18

achieved for 32 (kHz) switching frequency, the efficiency of
99.3%, and a power density of 17.4 (kW/L), according to
Fig. 9. The efficiency is still high at this point to be
introduced as an optimum point of the inverter.

Power Density (kW/L)
Fig. 9. Efficiency versus Power Density for different semiconductors
and modulation methods
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Between compared semiconductors, C3M0016120K and
IMZA120R014M1H gain higher efficiency and power density
results. Despite switching frequency, efficiency, and power
density, the optimum modulation method is not easily
recognizable from Fig. 9. Therefore, Fig. 10 clarifies the
results for C3MO0016120K as the best one between the
semiconductors of Table II. According to Fig. 10, SVM and
DPWMMAX have lower efficiency, but in the case of power
density, SVM has a bigger filter volume, which causes a lower
power density beside bigger needed heatsink volume to cool
down the semiconductors with higher power loss compared to
other modulation methods. A relatively lower heatsink
volume is required for DPWMMAX compared to SVM but a
bigger one than DPWMO which is tightly dependent on power
loss of semiconductors. Finally, the highest efficiency and
power density is achieved for DPWMO method to complete
the comparisons for the optimum point of 32 (kHz) of
switching frequency and C3M0016120K semiconductor.

VI. CONCLUSION

A comparative analysis is presented for a three-phase,
two-level 30 (kW) inverter from a switching frequency and
modulation method, and the semiconductor point of view. The
inverter has been modeled using the thermal behavior of the
semiconductor and heatsink based on PLECS models. The
volume estimations presented for capacitors in DC-Link and
EMI filter for 900 (V) nominal voltage as well as CM choke
for 40 (A) current by available products in the market. Fischer
Elektronik LA6 air-cooled heatsink has been used for volume
estimation of the cooling system utilizing PLECS. The
DPWMO was found as the optimum modulation method
among compared methods. The optimum switching frequency
of the inverter was achieved at 32 (kHz) for C3M0016120K.
The acquired efficiency and power density were 99.3% and
17.4 (kW/L) for the optimum point.
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