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Abstract: This paper describes the reduced capacity of the inrush current suppressor using a matrix
converter (MC) in a large-capacity wind power generation system (WPGS) with two squirrel-cage
induction machines (SCIMs). These SCIMs are switched over depending on the wind speed.
The input side of the MC is connected to the source in parallel. The output side of the MC is
connected in series with the SCIM through matching transformers. The modulation method of
the MC used is direct duty ratio pulse width modulation. The reference output voltage of the
MC is decided by multiplying the SCIM current with the variable control gain. Therefore, the MC
performs as resistors for the inrush current. Digital computer simulation is implemented to confirm
the validity and practicability of the proposed inrush current suppressor using PSCAD/EMTDC
(power system computer-aided design/electromagnetic transients including DC). Furthermore, the
equivalent resistance of the MC is decided by the relationship between the equivalent resistance and
the capacity of the MC. Simulation results demonstrate that the proposed inrush current suppressor
can suppress the inrush current perfectly.

Keywords: wind power generation; matrix converter; inrush current; voltage sag

1. Introduction

The demand for energy in the world continues to increase. Renewable energy is very
important for solving the demand for energy. The wind power capacity in the world has reached
369,597 MW [1]. Squirrel-cage induction machines (SCIMs) are widely used because of their reliability
and low cost. In large-capacity wind power generation systems (WPGS), two generators are switched
over depending on the wind speed. SCIM has an inrush current of about six-times the rated current at
the start-up condition, because it does not have an excitation source [2]. This inrush current causes the
voltage sag in the power system. Normally, a soft-starter, which consists of reverse-parallel connected
thyristors, is used to limit the inrush current in WPGS [3]. However, a soft-starter generates harmonic
currents with the switching of thyristors. A method for compensating harmonic currents using a
shunt active filter has been proposed for avoiding the harmonic currents caused by the soft-starter [4].
In this method, a pulse width modulation (PWM) converter, which performs as the shunt active filter,
compensates both the harmonic currents and fundamental reactive power. However, a large-capacity
PWM converter, with a rating as high as 70% of the SCIM rating of the wind turbine, is necessary,
because the PWM converter directly supplies the fundamental reactive power generated by the SCIM
in both the steady state and transient state. In [5], a compensating method for harmonic currents using
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a hybrid active power filter has been proposed. This method can compensate the harmonic current
with a small-capacity hybrid active filter. However, the calculation is complex, and the control range
of power factor is narrow because of fixed phase-leading capacity. In [6], a method of connecting
resistors in series with the induction machine has been proposed. This method can suppress the
inrush current by simple composition without harmonic currents. However, the series-connected
resistors have large energy losses in the inrush current suppression.

We have proposed the inrush current suppressor in WPGS with a 2.2-kW SCIM by using a
matrix converter (MC) [7]. The input side of the MC is connected in parallel to the power system.
The output side of the MC is connected in series with the induction machine through matching
transformers. Many modulation methods of MC have been proposed [8-13]. In [7], the virtual
AC/DC/AC modulation method was used. In [9], the virtual AC/DC/AC modulation method treats
an MC as an AC/DC/AC circuit consisting of a rectifier and an inverter. The direct AC modulation
method has a high degree of freedom of control patterns, which is an advantage that can be applied
to various control methods, but the control method is complex. The output voltage of the MC is
decided by multiplying the control gain and SCIM current. This means that the output side of the
MC performs as the resistor. In [7], the proposed inrush current suppressor can suppress the inrush
current. However, the THD (total harmonic distortion) was high because of the switching ripple
current of the MC. In [14], the direct duty ratio pulse width modulation (DDRPWM) method [13] is
used for the proposed inrush current suppressor. The DDRPWM method decides the duty ratio by
simple equations. This method can perform easy switching control among the direct AC modulation
methods. The switching ripple of the input current of the MC is low because all input phases are used
in one switching cycle. In [14], the proposed inrush current suppressor has suppressed the inrush
current with low THD. On the other hand, the capacity of the proposed inrush current suppressor
must be considered for practical use in large-capacity WPGS with two SCIMs.

This paper describes the reduced capacity of the inrush current suppressor by using an MC in a
large-capacity WPGS with two SCIMs. Two SCIMs, which used 100 and 400 kW, are switched over
depending on the wind speed in this paper. The capacity of the inrush current suppressor depends
on the equivalent resistance of the output side of the MC. In this paper, the optimal equivalent
resistance is decided by the simulation results. At first, the inrush current is confirmed by using
the power system transient analysis simulator PSCAD/EMTDC (power system computer-aided
design/electromagnetic transients including DC). After that, the technical issues of the conventional
inrush current suppressors are described in detail. Then, the validity of the proposed inrush current
suppressor using MC is revealed. Furthermore, the most appropriate resistance of the MC is decided
for reducing the capacity of the MC.

2. Inrush Current Suppressor Using MC

Figure 1 shows the system configuration with the previously-proposed inrush current
suppressor using MC [14] in a large-capacity WPGS. Two SCIMs, which used 100 and 400 kW in
this paper, are switched over depending on the wind speed. The cut-in wind speed is 3 m/s, and
the cut-out wind speed is 25 m/s in a general large-capacity WPGS. The 100-kW SCIM is connected
to the power system when the wind speed is from 3 to 8 m/s, and the 400 kW SCIM is connected
to the power system when the wind speed is from 8.0001 to 25 m/s. The input side of the MC is
connected in parallel to the power system. The output side of the MC is connected in series with the
SCIM through matching transformers. Both the input and output sides of the MC are connected to
a low-pass filter for reducing the switching ripple. The clamp circuit is connected to prevent voltage
spikes [15].
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Figure 1. System configuration with the proposed inrush current suppressor using matrix converter
(MC) in a large-capacity wind power generation system (WPGS).

The reference output voltage of the MC is decided as follows:

vh, =K-imy (n=r1,5,1) (1)
where K is the control gain and 7 indicates the output phase of 1, s and t. The output voltage of the
MC and SCIM current are in phase. Thereby, the output side of the MC performs as resistors of K [(}].
K is decreased to zero after inrush current suppression, and then, the MC is removed by the switches
S100 01 S 400-

In this paper, the modulation method of the MC is used DDRPWM. The output voltages
can be directly synthesized by updating the duty ratio values at each switching cycle without
complex calculation. The DDRPWM uses the line-to-line input voltages to synthesize the output
voltages. The duty ratios have two equations for each input voltage. MX, MD and MN denote
the maximum, medium and minimum input voltage of the MC, respectively. The switching
pattern when MX — MN > MD — MN is named Pattern I. The switching pattern when
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MD — MN > MX — MD is named Pattern II. The duty ratios of each output phase are obtained
by the following equations:

You — MX for Pattern I
g _) n-MN—n-MD+MD—MN ocn 2
" vi, — (n-MX —n-MD + MD)

MN —n-MX— MD +n- MD

Uoy — MX for Pattern I
g ) " MN—n MD+MD—MN © 0 3)
v v%, — (n-MX —n-MD + MD)
MN —n-MX — MD +n- MD

vie — MX

for Pattern I

i _) nMN—n - MD+MD-MN o0 4
v vsw — (n-MX —n-MD + MD)
MN — - MX — MD +n - MD

for Pattern II

for Pattern II

for Pattern II

where v}, is the reference output voltage of Equation (1). Figure 2 shows an example of the switching
states between the duty ratio dy, of the output u-phase and the input phase. The duty ratios are
decided by comparing the duty ratio d, and the carrier signal vyi. In the case of Pattern I, when
dy is larger than vy, MX is connected. MN is connected when d, is smaller than vy in T;. MD
is connected when d is smaller than vy in T5. In the case of Pattern II, when d, is smaller than
Vii, MIN is connected. MX is connected when d, is larger than vy in T;. MD is connected when
dy is larger than vy in Tp. n, which is used for input current synthesis, is defined as T;/Ts. The
Tu1 ~ Tu4 of Figure 2 are decided by comparison of the carrier signal and the duty ratio d,,. Similarly,
the Ty1 ~ Tya, Tw1 ~ Twa are decided, as well. Logic Circuit A of Figure 1 chooses which Ty ~ Tya,
Ty1 ~ Tys and Ty ~ Tiya to connect MX, MD and MN under the conditions of Patterns I and II. Logic
Circuit B of Figure 1 decides the timing that connects the input with output.

Rl

0 ' E i
T, : T !
MX | ’
i MD
E | MN

MN

T ul T, u2 Tu3 Tu4

Figure 2. Switching states in Pattern I and Pattern II in the direct duty ratio pulse width modulation
(DDRPWM) method.

3. Simulation Results

All simulations are carried out using PSCAD/EMTDC in order to verify the effectiveness of the
proposed reduced-capacity inrush current suppressor. The technical issues of the conventional inrush
current suppressors are described in detail. The validity of the proposed inrush current suppressor
using the MC is revealed. Furthermore, the most appropriate resistance of the MC is decided for
reducing the capacity of the MC.
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Table 1 shows the parameters of the SCIMs. In all simulations, the source side inductor Ls is
0.1 mH, which is about 5% relative to the rated impedance of 400 kW SCIM. Figure 3 shows the
simulation condition. The 100-kW SCIM is connected to the grid from 3 to 8 m/s. The 400-kW SCIM
is connected to the grid over 8 m/s.

Table 1. Parameters of the squirrel-cage induction machines (SCIMs).

Item 100-kW SCIM  400-kW SCIM
Rated power (kW) 100 400
Rated phase voltage (V) 277.13 27713
Rated phase current (A) 120.28 481.12
Rated frequency (Hz) 50 50
Number of pole 6 4
Synchronous speed (rpm) 1000 1500
Rated wind speed (m/s) 8 15
. 100kWSCIM | 400kW SCIM
T N - —— e s
| | | |
| |
1) R RO A P '
[ i [ |
| | [ [
| | | |
2 e e R Gt |
[ | | [
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El : Y AR SN s _I_Gain change (K—0)
B | | | |
B B man = memm s s e e o 400kW SCIM
k= : : : : is connected.
i | | | |
R qmmmmmmmmmn—-- prommmmmmn——- pmmmmmmmmmme- | . ,
e T----—----- To-mm-m--- +—— Switch S’,,,ON
P L _I__ L __:_ o I___ o I Gain change (K—0)
[ i
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| | | |
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0 3 6 9 12
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Figure 3. Simulation condition by the wind speed.

3.1. Simulation Results of Direct Connection

Digital computer simulation is implemented to confirm the inrush current and voltage sag when
the SCIM is connected to the source directly. Figure 4 shows simulated waveforms for the 100-kW
SCIM. vty is the r-phase receiving-end voltage; it is the source current; SPyg is the rotating speed;
and vy is the wind speed. From Figure 4, the maximum value of the inrush current is 1145 A. The
voltage sag is about 6.89%. Figure 5 shows simulated waveforms for the 400-kW SCIM. From Figure 5,
the maximum value of the inrush current is 3873 A. The voltage sag is about 15.28%. In general, a
soft-starter is used to avoid the voltage sag caused by the inrush current.
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100kW SCIM is connected.

400V,

1.22sec

Figure 4. Simulated waveforms of the direct connection for the 100-kW SCIM.

400kW SCIM is connected.
400V,

T

6.00 6.02 6.04 6.06 6.08 6.10sec

Figure 5. Simulated waveforms of the direct connection for the 400-kW SCIM.

3.2. Conventional Inrush Current Suppressors

The technical issues of the conventional inrush current suppressors are described in detail.
Figure 6 shows the system configuration of the soft-starter in WPGS with two SCIMs. The soft-starter
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is widely used for large-capacity WPGS. The soft-starter consists of inverse-parallel-connected
thyristors. The control angles of the thyristors are from 180° to 0° under the soft-starting condition.
Therefore, the applied voltage of the SCIMs is gradually increased. Figure 7 shows the simulated
waveforms with a soft-starter for the 100-kW SCIM. The soft-starter works for 2 s in this simulation.
From this simulation result, the maximum source current is 649A. And then, the receiving-end voltage
is decreased by 6.6% as compared to steady-state. Therefore, the soft-starter can suppress the inrush
current. However, the source current includes harmonic current by the switching of the thyristors.
Figure 8 shows the THD of the source current for the 100-kW SCIM in Figure 7. The THD of the
source current changes during soft-starting. From Figure 8, the maximum value of the THD is
328.8%. Figure 9 shows simulation waveforms of the source current for the 400-kW SCIM of the
soft-starter. The maximum source current is 1941A. And then, the receiving-end voltage is decreased
by 13.8% as compared to steady-state. Figure 10 shows simulated waveforms with a soft-starter for
the 400-kW SCIM. From Figure 10, the maximum value of the THD is 329.6%. Thus, the harmonic
current compensation is necessary because of the harmonic current generation by the soft-starter.

Figure 11 shows the system configuration with the external resistors in [6]. The current is limited
by the external resistor. The external resistors are shorted after suppressing the inrush current.
Digital computer simulation is implemented to evaluate this external resistor method. Rjgy and
Ry are 0.715 and 0.577 (), respectively. Figure 12 shows the simulation waveform of the source
current for the 100-kW SCIM with external resistors. From this simulation result, no inrush current
nor harmonic current occurs by using external resistors. Figure 13 shows the simulation waveform
of the source current for the 400-kW SCIM with external resistors. From this simulation result, no
inrush current nor harmonic current occurs by using external resistors. However, large energy losses
in series-connected external resistors occur during the start-up condition. The r-phase maximum
losses are 119.0 and 212.6 kW for the 100-kW and 400-kW SCIM, respectively. The large power losses
are brought the increase of the volume of the external resistors.
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— y—|>‘§\ 400
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Figure 6. System configuration with the soft-starter in a large-capacity WPGS.
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Figure 8. Source current total harmonic distortion (THD) of the soft-starter for the 100-kW SCIM in
Figure 7.
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Figure 9. Simulated waveforms with a soft-starter for the 400-kW SCIM.
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Figure 10. Source current THD of the soft-starter for the 400-kW SCIM in Figure 9.
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Figure 11. System configuration with external resistors.
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Figure 12. Source current for the 100-kW SCIM with the external resistors.
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Figure 13. Source current for the 400-kW SCIM with the external resistors.

3.3. Simulation Results with the Proposed Inrush Current Suppressor

Digital computer simulation is implemented to confirm the validity of the proposed inrush
current suppressor. Table 2 shows the circuit parameters in the simulation. The matching
transformers are ideal transformers, and the turn ratio is 1:1. The initial value of the control gain
K is 0.3. The equivalent resistance of the proposed inrush current suppressor is 0.715 () when the
100-kW SCIM is connected. The equivalent resistance of the inrush current suppressor is 0.577 Q)
when the 400-kW SCIM is connected. K is decreased to zero after inrush current suppression.

Figure 14 shows simulation waveforms with the proposed inrush current suppressor for the
100-kW SCIM. v, is the r-phase receiving-end voltage; ity is the source current; iyt is the r-phase
input current of the MC; iyorgo is the r-phase output voltage of the MC; ip109 is the r-phase SCIM
current; SPjg is the rotating speed; and v, is the wind speed. From Figure 14, the output voltage
of the MC and SCIM current is in phase. This means that the output side of the MC performs as
the resistor in each phase. Therefore, the maximum SCIM current is 558 A, and the voltage sag is
about 1.5%. The active power flows into the MC during the inrush current suppression. The active
power is about 47.8 kW. The receiving-end voltage vT; is opposite in phase to the input current iyt
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of the MC. The active power is regenerated to the grid. The regenerated power is about 33.6 kW.
In this simulation, the stationary losses of power devices and the resistors of the passive filters are
included. From this simulation result, the inrush current of the 100-kW SCIM is reduced by about
50%, and the voltage sag of the 100-kW SCIM is reduced by about 78% by connecting the proposed
inrush current suppressor.

Table 2. Circuit constants.

Item Value
Source voltage Vs (V) 480
Source frequency f (Hz) 50
Source inductor Ls (mH) 0.1
Inductor of input filter Lg (mH) 1

Capacitor of input filter Cy; (uF) 25
Inductor of output filter L¢, (mH)  0.25
Capacitor of output filter Cy, (uF) 100

Resistor of output filter R, (Q2) 1

Resistor of clamp circuit Rc ((2) 1000
Capacitor of clamp circuit C. (¢F) 500

100kW SCIM is connected.

4o00v,

VMOr100
0 i

600A

Inr100
0 —1

0.9502pu
SPy

0.948
3.3m/s

Figure 14. Simulation waveforms with the proposed inrush current suppressor for the 100-kW SCIM.
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Figure 15 shows the simulation waveforms with the proposed inrush current suppressor for the
400-kW SCIM. From Figure 15, the maximum SCIM current is 718 A, and the voltage sag is about
0.76%. The active power that flows into the MC is about 118.5 kW. The receiving-end voltage v, is
also opposite in phase to the input current iyt of the MC. The regenerated power at the input side
of the MC is about 79.8 kW. From this simulation result, the inrush current of the 400-kW SCIM is
reduced by about 80%, and the voltage sag of the 400 kW-SCIM is reduced by about 95% by using the
proposed inrush current suppressor. Thus, the validity of the proposed inrush current suppressor is
confirmed by the simulation results.

400kW SCIM is connected.

0.95pu
SP

0.9492
8.25m/s

6.10sec

Figure 15. Simulation waveforms with the proposed inrush current suppressor for the 400-kW SCIM.

3.4. Reduction of the Capacity for the Proposed Inrush Current Suppressor

In the previous section, the basic validity was confirmed from the simulation results. However,
the capacity of the proposed inrush current suppressor must be considered for practical use.
In this section, the appropriate equivalent resistance of the output side of the proposed inrush
current suppressor is decided for reducing the capacity of the proposed inrush current suppressor.
The equivalent resistances are decided by the control gain K and the turn ratio of the matching
transformers. In this section, the control gain K is set to the maximum duty ratio.

Figure 16a shows the relationship between the turn ratio and the proposed inrush current
suppressor for the 100-kW SCIM. Req is the equivalent resistance of the output side of the proposed
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inrush current suppressor; Inrigp is the r-phase maximum SCIM current; Uy is the capacity of the
proposed inrush current suppressor; and RPjy is the ratio of the regenerated power through the MC.
The horizontal axis represents the number of turns on the secondary side of the matching transformer.
The number of turns on primary side of the matching transformer is always one. Figure 16b shows the
relationship between the turn ratio and the proposed inrush current suppressor for the 400-kW SCIM.
From these relationships, the capacity of the MC decreases by increasing the turns of the secondary
side of the matching transformer. However, the ratio of the regenerated power through the MC is
reduced by increasing the turns. Furthermore, the change in slop of the capacity of the MC decreases
gradually from the turn ratio of 1:4. Thus, the appropriate turn ratio is 1:4.
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Figure 16. Relationship between the number of turns on the secondary side of the matching
transformer and the proposed inrush current suppressor. (a) For the 100-kW SCIM; (b) For the
400-kW SCIM.

Figure 17 shows the simulation results with the proposed inrush current suppressor for the
100-kW SCIM when the turn ratio is 1:4. v, is the r-phase receiving-end voltage; ity is the r-phase
source current; iy is r-phase input current of the MC; vpor100 is the r-phase output voltage of the
MGC; imp100 is the r-phase SCIM current; SPjq is the rotating speed; and v, is the wind speed. From
Figure 17, the maximum source current is 146 A. The voltage sag is about 1.01%. The active power
that flows into the MC is about 17.1 kW. The receiving-end voltage vy is also opposite in phase to the
input current of the MC iyry. The regenerated-power at the input side of the MC is about 10.6 kW.
Figure 18 shows the simulation results with the proposed inrush current suppressor for the 400-kW
SCIM when the turn ratio is 1:4. From Figure 18, the maximum source current is 158 A. The voltage
sag is about 0.51%. The active power that flows into the MC is about 22.6 kW. The receiving-end
voltage vty is also opposite in phase to the input current of the MC iyj1y. The regenerated power at
the input side of the MC is about 13.4 kW.
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Table 3 shows the comparison between the direct connection, the proposed inrush current
suppressor, the soft-starter and the external resistors. The inrush current with the proposed inrush
current suppressor is about 10% as compared to the direct connection. The voltage sag with the
proposed inrush current suppressor is about 1.0%. The THD of the source current with the proposed
inrush current suppressor is about 20%, as compared to a soft-starter. The losses of the proposed
inrush current suppressor when the turn ratio is 1:4 are within 10 kW. Therefore, these results reveal
that the proposed inrush current suppressor is useful for practical use.

100kW SCIM is connected.
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Figure 17. Simulation results with the proposed inrush current suppressor for the 100-kW SCIM when

turn ratio is 1:4.
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Figure 18. Simulation results with the proposed inrush current suppressor for the 400-kW SCIM when

the turn ratio is 1:4.

Table 3. Comparison of the simulation results.

Inrush Voltage THD of L (kW)
Item Current (A) Sag (%) Source Current (%) 0sses
Direct connection 100-kW SCIM 1145 6.9 0.08 -
400-kW SCIM 3873 15.3 1.1 -
Proposed inrush  100-kW SCIM 558 15 7.71 14.2
current suppressor
(turn ratio is 1:1) 400-kW SCIM 718 0.76 15.6 38.7
Proposed inrush ~ 100-kW SCIM 146 1.0 20.9 6.5
current suppressor
(turn ratio is 1:4) 400-kW SCIM 158 0.5 23.9 9.2
Soft-starter 100-kW SCIM 649 6.6 328.8 -
400-kW SCIM 1941 13.8 32996 -
External resistors 100-kW SCIM 512 1.0 - 119.0
400 kW-SCIM 609 0.8 - 212.6
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4. Conclusions

This paper has described the reduced capacity of the inrush current suppressor by using an
MC in a large-capacity WPGS with two SCIMs. The inrush current has been confirmed using
PSCAD/EMTDC software. The conventional inrush current suppressors, which are the soft-starter
and external resistors, were tested in the simulator. From these simulation results, the technical issues
have been revealed. The proposed inrush current suppressor has been used in a large-capacity WPGS.
From the simulation results, the proposed inrush current suppressor can suppress the inrush current
effectively. Furthermore, the appropriate equivalent resistance has been decided for the reduced
capacity of the proposed inrush current suppressor by the simulation results. From the simulation
results, the capacity of the inrush current suppressor is about 118.7 kVA. Thus, the simulation results
demonstrated the validity of the proposed inrush current suppressor. Future works are the reduction
of the switching ripple and the compensation of the reactive power generated by SCIMs.
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