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ABSTRACT Direct-on-line (DOL) driven permanent-magnet generators (PMSGs) are often applied in
small-scale hydropower plants (< 10 MW). The Commission Regulation (EU) 2016/631 defines the boundary
conditions to operate these generators in parallel with the grid. According to the regulation, fault-ride-through
(FRT) capability is required in some cases. FRT scenario of PMSGs was studied by simulations and the
importance of machine parameters was analyzed. Machine parameters under interest are damper winding
resistance and leakage inductance, stator resistance and leakage inductance, saliency, source voltage, total
inductance and system inertia. Authors proved that fault-ride-through can be achieved by utilizing smart
machine parameters selection without using complicated control systems and auxiliary equipment. FRT
simulations are performed for three PMSGs and their capabilities are explored. Results can be used as a
guideline in DOL PMSG design for satisfying FRT requirements. The simulation system was also verified
with measurements of a 600 kW PMSG data during a fault situation: an incident where the generator was

connected to the grid in phase opposition.

INDEX TERMS Direct-on-line, Electrical machine design, Permanent magnet generator, Fault ride

through capability

I. INTRODUCTION

Permanent magnet synchronous generators (PMSGs) offer
an interesting alternative in small-scale hydropower as they
achieve superior efficiency by eliminating the rotor
excitation power. The benefit is most drastic in low-head
hydropower plants, where low-speed machinery is required.
These machines, however, bring some challenges as the
reactive power of the generator cannot be controlled. If
voltage or reactive power control is required, direct-on-line
(DOL) PMSGs without a separate compensator device are
out of question. This research is focused on Direct-on-line
(DOL) grid connection system, which doesn’t require multi-
stage gearbox because a low-speed high-torque synchronous
generator is used. The other types of generating grid-
connected systems can be: Fixed-speed turbine system,
which has a squirrel-cage induction generator (SCIG)
directly connected to the grid and multistage gearbox and a
doubly fed induction generator (DFIG) system, in where the
stator winding is directly connected to the grid, but the rotor
winding uses power electronic converter. [1]

New generators must operate in accordance with the
Commission Regulation (EU) 2016/631 and corresponding
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local regulations [2]. These regulations set requirements
depending on the significance of the power plant for the
synchronous area in question. Power plants are rated in types
A, B, C, and D, which have different definitions in different
regions depending on the nominal connection point voltage
and power. Categories A or B are valid for small-scale
hydropower and DOL PMSGs. However, in category B a
voltage control system is required, so in principle a separate
compensator would be needed. In categories C and D,
conventional synchronous machines are likely to be techno-
economically more practical. According to the FRT
capability requirement of the regulation, generators in
categories B and above should be capable of remaining
connected and continuing stable operation after a secured
fault. Transmission system operators (TSO) specify the
relevant boundaries within the ranges shown in Fig. 1 and
Table I.



Fault-ride-through parameters presented in Fig. 1 are: Uy
is the retained voltage at the connection point during a fault,
ULlear 1s the lower voltage limit at fault clearance, Ure1 and
Ureco are the lower voltage limits after the clearance, fcicar 1S
the time instance for fault clearance and trec1, frec2 and trec3 are
time instances for the voltage limits. In addition, it is possible
that national grid codes prohibit momentary pole slipping
during a FRT event [3]. The pole slip can presumably be
defined in this context as a case where a generator exceeds
the load angle 6 value of 180 degrees. The load angle is
defined as the angle between permanent magnet flux linkage
wpm and stator flux linkage .
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FIGURE 1. Fault-ride-through profile in a three-phase fault. Line-to-line
voltage (per-unit) as a function of time (s) during a symmetrical fault.
(modified from [1]).

TABLEI
FAULT-RIDE-THROUGH PARAMETERS (MODIFIED FROM [2])

Voltage parameters [pu] for types B Time parameters [s] for types B

and C and C
0.14-0.15 (or 0.14—
Use 0.05-0.3 feear 0.25 if system
protection and secure
operation so require)
Uclemr 07_09 trect Lelear
Urecl Uclear tec2 trec 1_0 i
Ureex 0.85-0.9 and = Uciear trec3 trecr—1.5

FRT capability studies have mainly focused on systems
incorporating a power electronic converter with a control
scheme, extra protective components or conventional
synchronous machines [4]-[12]. The control methods lately
studied are e.g. a FRT scheme for wind energy system is
recently introduced in [13]. This approach combines an event-
triggered sliding mode control (ETSMC) with a super-
capacitor and a high-frequency magnetic linked dual active
bridge converter. Nonlinear Adaptive Backstepping
Controller [14] and a simple but working method, which
includes resetting the distributed generation and network
protection relays to create conditions to meet the FRT
requirements [15]. Latest protective components studies were
held on hybrid superconducting fault current limiter with bias
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magnetic field [16] and Optimal Shunt-Resonance Fault
Current Limiter [17].

In previous studies, generator parameters affecting FRT are
mentioned e.g. in [18] by introducing a stator damping resistor
or [19] a dynamic braking resistor. In [20] protection by
crowbar in stator design is utilized. The effect of generator
parameters in case of DOL systems are widely studied in [21]
and the effect of damper windings in DOL generator designing
in [22]. Comparison and analysis of the fault characteristics of
squirrel-cage-inductor-generator wind farms and DOL
permanent magnet generator wind farms under different fault
conditions is presented in [23], which gives some directions
for generator parameter selections.

There are only few studies on criteria definition for FRT. One
comprehensive research is found in [24], which gives a
literature pertaining to FRT and low voltage ride-through
(LVRT). This paper highlights network characteristics,
technologies and international LVRT practices and presents
VRT criteria in different countries. A control strategy for
LVRT and HVRT capability enhancement for grid connected
solar system is proposed in [25] and experimental verified to
be effective.

Authors’ earlier study [26] gives designing guidelines for
DOL PMG (used in a hydro-power system) parameters:
inductances, level of back electromotive voltage, starting
current, short circuit fault tolerance and customer
requirements for network codes. However in [26] authors does
not discuss FRT issues. Some guidelines for designing PM
machines in DOL system are provided in [27,28].

The main interest of this article is therefore focused on
selecting the most suitable generator parameters to minimize
FRT problems. In this study FRT capability of DOL PMSGs
is investigated and the aim is to find design
recommendations to achieve the required FRT performance
with DOL PMSG. In our study, fault event was extensively
simulated while the machine parameters were varied. This
paper is based on work done as a part of [29]. In [29] the
requirements that potentially cause constraints of the design
for permanent magnet machine DOL system are identified,
and necessary simulation scenarios are sorted out,
considering also FRT. Some findings from [29] are utilized
to develop the guidelines.

The research methodology is first described in Section 2. It
also explains the structure and boundaries of the simulation
tool built in the MATLAB/Simulink® environment. Then the
simulations are verified with the aid of real measurement data
and finally the main results are presented in Section 4.

II. METHODOLOGY

The simulation comprising generator and grid model is
built in the MATLAB/Simulink® environment utilizing
lumped parameter circuit-models. Full details and pictures of
it can be found in [30]. The traditional dq-axis generator
model is utilised for calculating parameters, Fig. 2. Both axes
have a damper circuit, which has a core influence on
parameter selection for successful fault-ride-through.
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FIGURE 2. d- and g-axis equivalent circuits (modified from [28]). iq,q are the
stator currents, ua,q are the stator terminal voltages, R is the stator resistance, Lss
is the stator leakage, Lmd,q are the magnetizing inductances, Rp,q are the damper
winding resistances, Lp,gs are the damper winding leakage inductances, ip,o are
the damper winding currents, ima = ipm + ip + iq is the d-axis magnetizing current,
and imq = iq + iq is the q-axis magnetizing current.

The equations of the simulation tool are written in the rotor
reference frame, in where the axes rotate along with the rotor,
and therefore the electric and magnetic quantities are
constants at steady state. Fig. 3 illustrates a corresponding
vector diagram. Phase quantities of a three-phase system can
be converted to the rotor reference frame by equations
originally presented by R.H. Park

cos(f)  cos (6 - ZTH) cos (9 + 2?11) ]
=2_sin(e) —sin (6 + Z?") —sin (6 - Z_") | =

3 3
XO [ 1 1 1 J
2 2 2

where X represents a quantity that is converted and 6 is the
position angle, and phases are marked with L1, L2 and L3.
The reference frame speed can be solved with (1). The
position angle 8 in rotor frame is

Xq
Xq

6, = [ wrdt = [ pfrdt, )

where wr is the electrical rotor angular velocity, p the
number of pole pairs and r the mechanical rotor angular
velocity. Initial parameters of the model are set as follows:
with an open stator, us 4 is set to zero and uq to epm. The flux
linkages have the initial values w4 = ywp = -ypm and yq = yo
= 0. Only PM-produced flux linkage is present, inducing
voltage on the g-axis of the rotating generator. The
resistances and permanent magnet flux linkage values are
adjusted based on the temperature. The absolute value of the
electromagnetic torque is calculated as a cross product of the
stator flux linkage and the stator current. In electrical part
simplifications are related to the fact, that the model doesn’t
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consider iron losses nor saturation, because they would
require far too much computation time.

Electric network is modelled as an infinite bus in the
simulation tool. The grid voltage is given as a reference to
the generator model. The simulations are made keeping the
regulation in mind, so that the voltage profile of a fault
dictates and considers the grid properties.
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FIGURE 3. Transient-state vector diagram of a PMSG. o: is the angular velocity
of the rotor, ¢ is the power-factor angle, ypwv is the permanent magnet flux linkage,
s is the stator flux linkage, ym is the air gap flux linkage, Lmaip, Lmgiq are the
damper winding reactions, Lmaida-, Lmqiq are the armature reactions, Lsois, is the
stator leakage flux linkage, and epm, €5, em, €mp, €mQ, €md, €mq, €ss are the
corresponding electromagnetic forces.

Rotating inertia is modelled as a first-order differential
equation of motion, with a stiff shaft as

n= thurb_Te_Dtot-th’ (3)

Jtot

where (2 is the mechanical angular velocity, T is the torque
produced by the prime mover, T. is the electromagnetic
torque, Jit is the total system moment of inertia and Dy is
the total system friction coefficient. The prime mover torque
is given as an input value to the mechanical model. Thereby
this model doesn’t take into account mechanical oscillations.
A two-mass model could be used if mechanical resonances
are of interest [30].

To verify the model, a case where 600 kW PMSG was
connected to an electric network in phase opposition was
simulated and the result was compared with the measured
waveform presented in Fig. 4. Furthermore, comparisons
between known theory and the behaviour of the model are
given in [30].



11 00KA —
kA “3rd swing, 2000 A

3ka 13D 0KkA

1 H
3k 12X

0.0 ‘ : : © << 1002 pmp) %> : : © 1000
! : : ; ) : 2009,07,20 13:15:1

0ls 02s 03s 04s 05s 06s

%10* Simulated current in 180 deg. phase diff. grid connection
25

3rd swing, 2000 A
4th swing, 600 A

I 3pn (O [A]

05+ \
of JUJT [lp-a

Il
B U ”
pE

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [s]

FIGURE 4. Recorded (top) and simulated PMSG grid connection in phase
opposition. Lg; = 95.5 pH (0.1156 pu), Lma = 249.5 pH (0.3021 pu), Lmq = 264.51
pH (0.3202 pu), Los = Lgs = 0, Jit = 251.2 kgm?, Diot = 3 Nms/rad, Ry = 0.0036 Q
(0.0140 pu), Rp = 9.60 m<2 (0.0370 pu), Ro = 8.97 m2 (0.0346 pu).

In the context of this study, it would be beneficial to have
experimental data from a FRT event, but the required
measurement preparations would be enormous as on-site
testing would be needed. Power plant owners are most likely
to be reluctant to risk damaging their devices if not
necessary. Furthermore, the relevant grid operator may not
even allow such tests to be performed. To study a real
transient existing measurement data from phase-opposite
grid connection fault was used. This extreme transient event
seems to be even more severe than a three-phase short circuit
fault since momentary voltage across the stator resistance is
at maximum when connection is made, and that makes
current and torque to be significantly higher. It is considered
to be rare to obtain measurement data of faults like the one
shown in Fig. 4 because such measurements are normally not
made on purpose, especially with an expensive generator.
The data was obtained, unfortunately, only in a form of
image, from the accident where incorrectly configured
synchronization device was used.

The specifications sheet parameters of the machine are
listed in Table II. Unluckily, the information available is not
as detailed as the model, and therefore, some additional
assumptions were needed. In general, manufacturers tend to
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limit the details they provide to protect their core
competences [31].

TABLE 11
REPORTED PARAMETERS OF THE PMSG CONNECTED WITH A PHASE
DIFFERENCE OF 180 DEGREES

Quantity Value
Rated active power P, 600 kW
Rated frequency f 50 Hz
Rated rotational speed n 300 rpm
PM-induced voltage (line-to-line) Epy 430V
Rated current I, 890 A

DC resistance R; (20 °C)

d-axis synchronous inductance Ly

q-axis synchronous inductance L,

Sustained short-circuit current iy
Subtransient short-circuit current i’
Subtransient reactance Xy’

Damper winding reactance referred to stator
Damper winding resistance referred to stator
Generator moment of inertia J,

3.642 mQ (0.0140 pu)
345 uH (0.4177 pu)
360 uH (0.4359 pu)
3077 A

8235 A

0.030 © (0.1156 pu)
0.081 Q (0.3122 pu)
8.97 mQ (0.0346 pu)
157 kgm?

The parameters for the model were obtained based on
Table II as follows: The damper winding inductances were
set equal to the magnetizing inductances assuming, thus,
zero leakage (Lps = Lgs = 0). The stator leakage inductance
value was set to correspond to the subtransient inductance
Ly = Lq' = (0.030Q/(2'1-50Hz) = 95.5 nH. The magnetizing
inductances were calculated as Lmg = Lsa — Lss = 345 pH —
95.5 uH =249.5 pH, Ling = Lsg — Lo 360 pH — 95.5 pH =
264.5 uH. The manufacturer indicated that the d-axis damper
winding resistance is slightly higher than the g-axis
resistance. Based on that information, the initial value Rp o=
8.97 mQ was varied in the simulation to see whether the
similarity between the simulation and the measurement
increases. Finally, the following values were adopted: Rg =
8.97 mQ, Rp = 9.60 mQ. The total moment of inertia of the
system was set to 160% of the inertia of the generator,
resulting in 1.6x157 kgm?, and the total friction was set to 3
Nms/rad. A line-to-line voltage of 405 V at 50 Hz frequency
was used.

Synchronization starting in phase opposition produces
high currents and stresses. However, the PMSG still
managed to synchronize and settle to no-load as it can be
seen in Fig. 4. The recorded and simulated currents have
similar patterns with periodically varying amplitudes. The
phase-opposition connection of the generator was not
performed on purpose, and therefore, the currents
significantly exceed the capacity of the measurement system.
Therefore, a direct amplitude comparison is not possible.
The simulation result attenuates roughly at the same pace as
the recorded currents. The waveforms are slightly different
because the parameters have uncertainty due to unknown
tolerances and previously mentioned assumptions. Also,
constant parameters were used which generally cannot
produce fully accurate results. In addition, grid properties
can affect the waveform. It could be possible to achieve even
better resemblance between the simulated and measured



waveforms by carrying out full parameter identification tests
for the machine, but that is not possible since the machine is
in use.

It is important to understand that in reality the generator
parameters vary depending on the operating status of the
machine. For more accurate simulation, transient FEA
should be used. However, it would be too time consuming
for the repeated FRT simulations. The accuracy of the
lumped parameter model can be considered acceptable when
used to identify general system behavior.

Three different machines representing a baseline are
introduced in Table III. The introduced machines are of type
A or B depending on the installation location. For type A
power plants, the FRT capability is not required, but meeting
the requirement would still be beneficial. The stator leakage
inductance corresponding to Xy  has the same value as in
Section 3 except for the 1300-125 machine, where Ly = L4/3
was used. The accuracy of the initial parameters is irrelevant
because they serve only as a comparative baseline for
investigating the effect of parameter variation.

TABLE 111

THE REFERENCE MACHINES
Quantity 340-250  520-600  1300-125
Rated active power P,, kW 340 520 1300
Rated apparent power S, kKVA 355 542 1310
Rated input torque 7, kNm 13.5 8.6 106
Generator moment of inertia J,, kgm®> 169 25 2900
Turbine moment of inertia J;, kgm2 101 32 2560
Rated frequency f,, Hz 50 60 50
Rated rotational speed 1, rpm 250 600 125
Number of pole pairs p 12 6 24
Rated speed PM-induced line-to-line 430 510 730
voltage Epy, V
Grid voltage, V 400 480 690
Rated current 7, A 510 650 1100
Temperature class F F F
Stator resistance R, mQ 6.7 55 5
Stator resistance Rs, pu 0.015 0.013 0.014
Direct-axis and Quadrature-axis 08 0.86 0.55

synchronous inductance L,, mH
Direct-axis Ly and Quadrature-axis

synchronous inductance L,, pu 0.555 0.760 0.477

Subtransient d-axis reactance Xy, mQ  58.9 111 170
Subtransient d-axis reactance Xy, pu  0.13 0.26 0.47
Subtransient d-axis time constant 74, s 0.06 0.02 0.11

Damper winding direct-axis Rp and
quadrature axis resistance Ro, mQ
Damper winding direct-axis Rp and
quadrature axis resistance Rg, pu

22.6 25.6 39.8

0.05 0.06 0.11

The FRT simulations were performed with following
initial operating conditions:

o Friction is set to 3 Nms/rad.

e FRT profile of a three-phase fault with [Unret, Uctear, Urecl,
UrecZ] = [005, 07, 07, 085], [tclear, trecl, frec2, ZLrecB] =
[0.25,0.25, 0.7, 1.5] is supplied as a voltage reference.
This is the largest voltage sag shown in the regulation.
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e The pre-fault conditions are defined by the relevant TSO,
but in this case, generators rated points are used (Table
1II).

e Turbine torque remains constant during FRT. This
assumption is reasonable for purposes of this study, but
for a more detailed analysis, the power plant related
turbine speed-torque performance characteristics should
be implemented into the model. For example, if the
turbine torque decreases at super synchronous speeds, the
acceleration during a fault will not be as severe.

e Stator and rotor temperatures are set to 100 °C and 50 °C
before the fault initiation and are not updated during the
fault.

e The variable-step solver in Simulink® 2019b is used with
a maximum step size of 0.0003 s and a relative tolerance
of 1e-6. Decreasing the maximum step size further did not
have a notable effect on the simulation outcome.

e (Criteria for synchronism: The following must be true for
0.04 s after the #.c3 time instance: |s/ip| < 0.02, |Ipgpu| <
0.01, |do/dt| < 2. If synchronism is not detected within 4 s
after the frec3 or 2 > 30, or 2 < 0 at any time, the test has
failed.

e FRT is simulated as a pass/fail test repeatedly while the
PMSG parameters are varied in loops. Also the
synchronization time after the fault and the maximum
fault duration or fault clearance time seem to be suitable
performance metrics for some cases.

e Because the process is computationally heavy, the
number of nested loops for different parameters must be
limited. Truly exhaustive survey where all the relations
between different parameters are inspected is not feasible.
The results must also be reasonably easy to analyze and
realistically exportable to the design of a machine.

e Temporary pole slip is allowed in the tests because it
seems very difficult otherwise to pass the test as stated in
the regulation with a DOL PMSG. One reason is a high
stator current, which produces a large stator leakage flux
linkage, increasing the load angle and therefore
electromagnetic torque in addition to the rotor
acceleration. Based on the simulations, synchronism can
still be restored because of the damper winding if such
operation can be tolerated.

Examples of successful FRT for 340-250 machine under the
above-stated terms are shown in Fig. 5 and Fig. 6.

With the initial parameters, none of the machines passed
the test. The 340-250 machine was, however, very close to
success, and a small damper winding resistance reduction
(from Rpg= 22.6 mQ (0.05 pu) to Rpgo = 22.3 mQ
(0.0492 pu)) was enough to pass the FRT test. In Fig. 5 and
Fig. 6, a pole slip takes place, but synchronism is still
eventually restored right in four seconds after fault initiation
when the excess rotational energy in the rotor is fed to the
grid. This is possible mainly because of the operation of
damper winding. However, quite large oscillations are



present. Examples of failed FRT are presented in Fig. 7 and
Fig. 8. The failure was produced by gradually reducing the
rotor inertia.

;\:‘ 41)“ = T ~ T T T |
s~
~ p—
e
=~ 200
:-_; Fault initiation
g (k)
=0 -
0 1 2 3 4
t[s]
4
g 10 ' . .
Adding rated logd with two steps -T
=6 T ¢
g
4 4 turb
— ‘U 1 ‘ \ \‘ )
~ 2k \ “ \ \ |\ I J
~N - N e l ‘U’A ; I1ISITANA % | A . N—
0 H— I\n,\‘; \

FIGURE 5. Voltage and torque diagrams in case of successful FRT with 340-250
machine. A temporary pole slip is allowed
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machine. A temporary pole slip is allowed.
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III. SIMULATION RESULTS

This section presents the influence of different parameter
values on successful FRT. The results are based on the idea
that synchronism can be restored by the operation of the
damper winding even if a temporary pole slip occurs. The
results are presented as graphs for the most interesting cases
of 340-250 machine. All simulation are done with the most
difficulties fault profiles. The base values that are used to
calculate the per unit values correspond to the initial
parameters list.

A. DAMPER WINDING RESISTANCES

The effects of varying damper winding resistance are
shown in Fig. 9. It may contain unrealistic datapoints
because Rp and Rq depend on each other. The 520-600
machine did not pass the test with any damper winding
resistance values, and in the case of 1300-125 the green area
was similar in shape but much smaller (0.07 — 0.08 pu).



The damper resistances have a great impact on the
capability of restoring synchronism. According to the results,
the resistances should be close to 0.04 pu in this case.

D. ind in FRT, 340-250
+  pass -

fail in connection or loading
+  fail in FRT

Ry [pu]

0.05 0.1 0.15 0.2 0.25 03 0.35 0.4
Ry [pu]

FIGURE 9. Study of damper winding resistance. The other parameter were kept
at their initial values.

B. DAMPER WINDING LEAKAGE INDUCTANCES

Damper leakage inductance values from 0 to 0.5 x L
were tested. All machines failed in FRT with the initial
parameters, and the increased damper leakage made the
performance even worse. Thus, damper winding leakage
does not appear to be beneficial at all and should be
minimized in machine design. This may be a somewhat
difficult task since damper bars are normally placed in semi-
closed slots. To minimize the leakage, open slots or even
some sort of rotor surface positioning should be preferred.
This may cause mechanical problems.

Damper winding resistance analysis of 340-250 machine
was repeated with Lp s = 0.03 pu, Fig. 10. The test further
indicates that the damper leakage is harmful to the FRT
capability as the suitable resistance variation area is reduced
compared with the Lpgs = 0 pu results. The suitable
resistance value area shrinks at the edges. This may be
considered a positive finding because designing damper
winding with a certain leakage is not an easy task. If damper
resistances are correctly chosen, the leakage values do not
seem to have a too large impact as long as they remain small.

C. SALIENCY

Ly/Lq values were tested with a fixed Lss and a fixed
maximum steady-state torque. The inductance ratio has a
high significance for the machine design, and reluctance
torque can help in FRT and enable lower PM material use.
However, saliency can negatively affect the torque and back
electromotive force quality as the armature reaction produces
non-sinusoidal flux density in the air gap [27]. The effect of
varying the inductance ratio is depicted in Fig. 11. The
machines 520-600 and 1300-125 failed with all the
inductance ratios tested. In these cases, a decreased
inductance ratio does not bring major positive effects on
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FRT. For the 340-250 machine, the inverse saliency seemed
to improve the FRT performance.
D. indi

in FRT, 340-250

*  pass
fail in connection or loading [
% fail in FRT

RQ [pu.]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
R [pul

FIGURE 10. Study of damper winding resistance. Lp,qs = 0.03 pu.
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FIGURE 11. Study of the inductance ratio. Inductances are chosen to produce
fixed maximum steady-state torque. The load angle before the fault is shown as
reference data.

D. STATOR RESISTANCE

Stator resistance was varied between 0 and 0.08 pu. The
520 — 600 machine failed with all stator resistance values,
but the 340-250 and 1300-125 machines passed the test when
choosing a suitable R;. However, no clear trend was found.
The stator resistance strongly affects the machine efficiency
and must thus be minimized. An acceptable FRT
performance can be achieved by tuning machine parameters
other than stator resistance.

E. SOURCE VOLTAGE

The PM flux linkage plays a key role in the machine
performance. It affects Epm, PO operating point, peak torque,
and short-circuit current. Epy was varied in the range of
0.8 — 1.5 pu. The inductances and the maximum steady-state
torque were fixed by increasing the total inductances. The



stator leakage and the L4/Lqratio were fixed.

Only the 340-250 machine was able to pass the FRT test
when Epm values were higher than 1.09 pu. With this
approach, the load angle before a fault decreased
considerably, which seems to be beneficial. There is,
however, not much freedom to increase Epv because it
should be close to the grid voltage. Further, the benefit of a
smaller load angle before a fault is not very significant, if
pole slipping occurs in any case and the restoration of
synchronism relies mostly on the damper winding.

F. STATOR LEAKAGE INDUCTANCE

The share of stator leakage inductance in the range of
0.1 — 0.8 of the total d-axis inductance was tested keeping
the stator inductance value fixed. To obtain extra
information, the maximum stator current and
electromagnetic torque in a sudden short-circuit were chosen
as reference data; they are strongly dependent on the stator
leakage and consistent regardless of whether the FRT test is
passed or not.

Fig. 12 demonstrates that a small stator leakage is
beneficial for FRT; all machines were able to pass with a
small stator leakage. This is challenging because high-pole-
pair machines regularly have a high proportion of stator
leakage inductance.
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FIGURE 12. Study of stator leakage inductance.

G. TOTAL INDUCTANCE

The initial L¢/Lq and Ls/La were fixed and the total
inductance was varied in the range of 0.2 — 8 pu. The purpose
was to see whether it would be beneficial to oversize the
steady-state maximum torque. There was no clear change
from the baseline on the FRT capability with the 520-600 or
1300-125 machines. Decreasing the total inductances
allowed the 340-250 machine to pass, but it was close to pass
already with its original parameters, and therefore,
oversizing the maximum steady-state torque does not seem
the right solution.
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H. REITERATING THE DAMPER WINDING RESISTANCE
TEST AND COMBINING THE FINDINGS

The investigation of damper winding resistance was
repeated for all the machines by suitably employing the
above findings. The back emfs and stator resistances were
kept at their initial values. La/Lq was set to 0.95 keeping the
initial steady-state maximum torque. Stator leakage
inductance was set to 0.2xLq and Lp g = 0.1xLss. Results are
shown in Fig. 13, which illustrates a surface plot of
synchronization times in FRT and the maximum transient
electromagnetic torque in FRT with different damper
winding resistances. The time was measured from the
beginning of the fault to the time instant at which the
synchronism criteria were fulfilled.
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FIGURE 13. Studies of damper winding resistance with the modified parameters
using the synchronization time in FRT as a performance metric and the maximum
transient torque as reference data.

The use of the modified parameters enables a larger
variance for damper winding resistances. If mechanical
stresses are of concern, the transient torque can be decreased
by increasing the damper d-axis resistance and using a
relatively small g-axis resistance. Now also the 520 — 600
machine narrowly passed the test. The damper winding



resistance test was also carried out with different system
inertia values. It was found that increased system inertia
seems to shift and slightly reshape the suitable resistance
area. Low inertia seems to favour higher resistance values.

The maximum acceptable fault duration using different
Rp,q values with the 340 — 250 machine was evaluated next.
A fault profile time parameter scaling factor kg with
ket = 1 corresponding to the initial profile was introduced
and the maximum fault duration for successful FRT was
searched by trial and error, Fig. 14. This is somewhat
different from how the concept of critical clearing time is
commonly studied, because now it is considered that
synchronism can be restored by relying on the damper
winding even in the event of a pole slip.

As a performance metric, krui should get as high values as
possible. However, higher values than kgpue = 1 are not
needed. Even kg = 0.6 corresponding to feiear= 0.15 s may
be acceptable in some cases.
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FIGURE 14. Damper winding resistance study using the fault time parameter
krauie scaling factor as a performance metric. The higher the value is, the better the
machine performs.

1. SYSTEM INERTIA

Inertia significance is evaluated by increasing the system
inertia in the simulations. The damper resistances for the
machines were chosen as: 340 — 250: Rpg = 0.029 pu,
520 — 600: Rp,o=0.033 pu, and 1300 —125: Rpo=10.028 pu.
Fig. 15 illustrates the results for the 340 — 250 machine. The
result for the two other machines were similar.

Some discontinuities can be seen in the synchronization
time; they result from the definition of the synchronism
conditions. Adding inertia reduces the speed fluctuation.
However, if a pole slip occurs in any case, as in these tests,
it can also cause the oscillations to attenuate poorly. Machine
parameters must then correctly match the system inertia to
restore synchronism.
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FIGURE 15. Damper Inertia study. The system inertia varies between 0 and 5
times the original value.

J. TIME DOMAIN GRAPHS WITH THE MODIFIED
PARAMETERS

Fig. 16 illustrates some time domain graphs of the FRT
simulation with the 340 — 250 machine to show the result of
tuning the parameters based on the tests. Oscillation
behaviour is significantly improved in comparison with
Fig. 5 and Fig. 6. If such oscillations can be tolerated, the
protection scheme should be designed accordingly [32].
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FIGURE 16. FRT simulation of the 340-250 machine with adjusted parameters.
Ls =160.17 pH (0.111 pu), Lma = 640.69 pH (0.445 pu), Lmq = 682.84 pnH (0.474
pu), Los = Lgs =16.02 pH (0.0111 pu), Rp = Ro=0.0131 2 (0.0290 pu).



IV. CONCLUSION

According to the simulation results it seems difficult to
pass the FRT requirement of the Commission Regulation
(EU) 2016/631 with a DOL PMSG without a temporary pole
slip. However, a suitably designed damper winding may still
be able to bring the machine back to synchronism in such a
case. If the temporary pole slip and the resulting strong
oscillations can be tolerated, this kind of an approach to
avoid disconnections might be a viable solution, at least for
relatively small machines whose operation does not
significantly affect other machines on the network.

When improving the FRT capability of a DOL PMSG,
assuming that a temporary pole slip can be accepted, a
designer should minimize the stator and damper winding
leakage inductances and carefully choose the damper
winding resistances. Inverse saliency can also be helpful in
the task. The permanent-magnet-induced voltage can be
selected mainly based on the rated operating point.
Minimizing the synchronous inductance does not appear to
be very beneficial. Damper winding leakage, instead, should
be minimized, but it is less important if the damper resistance
values are in the center of the region of suitable values of the
(Rp, Ro) map. Different damper winding resistances on the
d- and g-axes can be used to limit the maximum transient
torque if required. With a low system inertia, somewhat
higher damper resistances seem to be required. In the case
where a pole slip occurs, the system inertia must correctly
match the electromagnetic design, and increasing the inertia
is not necessarily beneficial.

Further work will be directed onto improving simulation
model by analyzing other real fault simulations. A two-mass
model could improve this model to analyze mechanical
oscillations and more complicated grid presentation may be
utilized in future work.
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