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Operation Analysis and Improvement of Impulse
Current Test on High-Power DC Test

Platform With SVC System
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Abstract— The international thermonuclear experimental reac-
tor poloidal field converter unit is comprised of four converter
bridges, dc reactors, dc switches, etc., and most are nonstandard.
To evaluate the performance of these equipments, a high-power
dc test platform has been built to carry out the steady-state
current test and impulse current test. The latter is significant
to verify the fault suppression capability of products. The dc
test platform can output the rated 400-kA impulse current.
The principle design and structure of the dc test platform is
introduced in this paper. The transient large current in impulse
current test could cause huge impact reactive power and grid
voltage sag. The impact is analyzed by theoretical calculation and
simulation. A static var compensator system is added to suppress
the transient effects of the reactive power. A predictive reactive
power control strategy is proposed to improve the dynamic
response. The comparisons with the traditional control demon-
strate that the proposed control is effective in compensating
impact reactive power and it also performs well on inhibiting
the grid voltage sag.

Index Terms— DC test platform, impulse current, reactive
power, static var compensator (SVC).

I. INTRODUCTION

THE international thermonuclear experimental reactor
poloidal field converter unit (PFCU) plays a critical role

in the plasma current, position, and shape control, which is an
essential part in the PF coil power supply system. The PFCU is
composed of 6-pulse bridges, dc reactors, external bypass, etc.,
and most are nonstandard [1]–[3]. To verify the performance of
these equipments, a high-power dc test platform has been built
to carry out temperature rise test and transient fault current
test [4], [5]. The dc test platform comprises of four 6-pulse
phase-controlled thyristor bridges that individually provides
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Fig. 1. Main circuit topology of the dc test platform. CB: circuit breaker,
Lr1 − Lr4: dc reactor, 1#–4#: 6-pulse bridge, short-circuit switch: circuit
breaker, DS1–DS12: disconnecting switch, and R1: matched resistance.

the rated voltage 500 V and steady-state current 30 kA or
transient impulse current 100 kA in 1 s. By paralleling four
bridges, the dc test platform can output the rated 400-kA
impulse current [6]. The impulse current test is significant
to verify the fault suppression capability of external bypass
and dc reactor. The impulse current test outputs transient
large current under phase control technology that causes huge
impact reactive power and grid voltage sag. As these will affect
grid security and electrical equipment safety, it is necessary to
analyze its operation and improve its performance.

This paper introduces the principle design and structure of
the dc test platform in Section II. In addition, the impulse cur-
rent test procedure is also discussed. In Section III, the analysis
of the reactive power consumption and the voltage sag is
presented. In Section IV, a static var compensator (SVC)
system which is originally designed for reactive power com-
pensation of steady-state test is added in the impulse test.
A predictive reactive power control is proposed to optimize
dynamic performance. In Section V, the simulations are devel-
oped in MATLAB/simulink to verify operation analysis and
improvement results. Finally, the conclusion of the paper is
presented.

II. SYSTEM CONFIGURATION AND OPERATION

The dc test platform system connects 110 kV substation.
The short-circuit capacity at the system site of 110 kV
is 1153 MVA, and the X/R is 10. The main circuit topology
of the system is illustrated in Fig. 1. It is mainly composed
of autotransformers, converter transformers, 6-pulse bridges,
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TABLE I

MAIN PARAMETERS OF THE DC TEST PLATFORM

dc reactors, and disconnecting switches. The autotransformers
have 35 tap positions in secondary side that the secondary
voltage is set from 12 to 80 kV. Each 6-pulse bridge is supplied
by a converter transformer, all of the which are individually
shifted by ±22.5° and ±7.5° with zigzag connection in the
primary side. Every 6-pulse bridge provides the rated voltage
500 V and steady-state current 30 kA or transient impulse
current 100 kA in 1 s. A switch network which consists of
disconnecting switch DS1–DS11 is used to configure four
bridges in parallel or series. R1 is a matched resistance
adjusted depending on circuit parameters and required impulse
current. Because of the difference of the two autotransformer
capacities, their short-circuit impedances are matched to bal-
ance the output power on both sides. The main parameters of
the dc test platform are listed in Table I [6].

As the large and rapid rise impulse current is required, open-
loop control with quick response is applied in the impulse test.
First, according to the required impulse current, the corre-
sponding firing angle is figured out. The no-load voltage in
converter is established. Second, the short-circuit switch is
closed to output impulse current. Finally, when the output
current reaches the required value, the system is taken into
quit process, which converters are operated in inverter mode
to decline the impulse current and absorb the energy stored in
the dc reactors.

To output a large impulse current, the bridges are set in
parallel by configuring the switch network. The equivalent
circuit of four 6-pusle bridges in parallel is shown in Fig. 2(a).
The 6-pusle bridges can be equivalent to no-load voltages
U1 −U4 with internal resistances RS1 − RS4. The internal
resistance is mainly composed of short-circuit impedance of
autotransformer, converter transformer, and 110-kV power
grid, and equivalent impedance of ac busbar between converter
transformer and bridge. Ld is equivalent inductance of dc
busbar, Rd is equivalent resistance of dc busbar, and Lr is
inductance of dc reactor.

Because, four converter transformers are designed and
manufactured consistently and the short-circuit impedance
of two autotransformers is matched, the internal resistances

Fig. 2. Equivalent circuit of the impulse current test. (a) and (b) In the
impulse current test, the converter adopts fixed firing angle. It has a fixed
no-load voltage.

RS1− RS4 are approximately equal. The equivalent circuit
is simplified, as shown in Fig. 2(b). Leq is a sum of Ld

and equivalent inductance of tested equipment, and Req is
a sum of Rd , R1 and equivalent resistance of tested equip-
ment. So far, the system is simplified to be a first-order
circuit with zero-state response. According to the main circuit
topology, the system total leakage reactance is listed in the
following:

Xs = X L + XAT

2
+ XCT

4
+ XAB

4
(1)

where X L is the power grid reactance; XAT is the reac-
tance of autotransformer; XCT is the reactance of converter
transformer; and XAB is the reactance of ac busbar between
converter transformer and bridge.

It is important to note that all of these parameters are
converted to the converter transformer secondary side. The
equivalent resistance RS is obtained as Rs = 3Xs/π .

According to the Kirchhoff’s law, (2) is obtained

Ud0 cos α − Rsid − Lr

4

did

dt
= Req + Leq

did

dt
(2)

where α is converter firing angle; Ud0 is the no-load voltage
is Ud0 = 1.35U2; U2 is secondary line voltage of converter
transformer; and id is dc output current. The id could be
figured out by (2)

id = Ud0 cos α

Rs + Req
(1 − e−t/τ ) = id0(1 − e−t/τ ) (3)

where τ = (Lr/4 + Leq/Rs + Req).
Combined with the characteristics of the test platform,

an equivalent circuit of the impulse current test is established.
The calculation is greatly simplified under the equivalent first-
order circuit. The analysis of the equivalent circuit laid the
foundation for reactive power and grid voltage sag analysis in
the following chapters.

III. OPERATION ANALYSIS OF THE

IMPULSE CURRENT TEST

Due to the huge impact reactive power in the impulse
current test, it is necessary to analyze its effects on the
power grid and dc test platform. There is a SVC system
connected in the 100-MVA autotransformer T1 secondary.
If the two autotransformers are loaded simultaneously, only
the T1 is compensated with SVC system, which makes the
current of the bridge arms unequal and the current sharing

Authorized licensed use limited to: Hefei Institutes of Physical Science. Downloaded on December 10,2020 at 16:07:33 UTC from IEEE Xplore.  Restrictions apply. 



1660 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 46, NO. 5, MAY 2018

Fig. 3. System schematic.

coefficient lower. As the platform is utilized as modular
structure, the analytical method and process is similar for
two or four bridges in parallel. In order to demonstrate the
improvement of SVC system, this paper mainly presents an
analysis of one autotransformer with two bridges in parallel.
The method could be extended depending on the modular
structure.

As the 110-kV grid is an experimental dedicated power
grid, the system could be equivalent to a single access lim-
ited power supply system. The system schematic is shown
in Fig. 3.

Where node A is the ideal 110-kV grid with system reac-
tance X L ; node B is connecting 110 kV substation and the dc
test platform system; and node C is linking autotransformer
with converter transformer.

The system total leakage reactance with two bridges is a
little different to (1) with four bridges

Xs = X L + XAT + XCT

2
+ XAB

2
. (4)

Based on the balance principle of active power in ac/dc
power system, the fundamental active power PA(1) in grid
equals output power Pd in dc side

PA(1) = Pd = Ud Id = Ud0 Id
cos α + cos(α + γ )

2
. (5)

The line current iL could be Fourier decomposed into
fundamental active component ILP(1), fundamental reactive
component IL Q(1), and high-order harmonics. Considering the
firing angle α and overlap angle γ , the Fourier decomposition
results are as follows:

iL = √
2ILP(1) cos θ + √

2IL Q(1) sin θ

+
n∑

5

(an cos nθ + bn sin nθ) (6)

where the fundamental active component ILP(1)

ILP(1) =
√

6

2π
Id [cos α + cos (α + γ )].

The fundamental reactive component IL Q(1)

IL Q(1) =
√

6

4π
Id

sin (2α + 2γ ) − sin 2α − 2γ

cos α − cos (α + γ )
.

According to the fundamental active component ILP(1) and
reactive component IL Q(1), the ratio of fundamental reactive
and active power in node A is shown in the following:

Q A(1)

PA(1)
= 2γ + sin 2α − sin(2α + 2γ )

2[cos α − cos(α + γ )][cosα + cos(α + γ )] . (7)

Fig. 4. Fundamental vector diagram.

Fig. 5. Reactive power consumption and grid voltage sag at 110 kV side.

The fundamental reactive power Q A(1) could be expressed
by (5)–(7), as shown in the following:

Q A(1) = 2γ + sin 2α − sin(2α + 2γ )

4[cos α − cos(α + γ )] Ud0 Id . (8)

From (7), the displacement factor angle ϕA =
arctan(Q A(1)/PA(1)). By voltage vector method, all nodes
voltage and displacement factor could be deduced. According
to voltage balance equation, fundamental vector diagram is
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Fig. 6. Electrical schematic of SVC system.

Fig. 7. Reactive power consumption and grid voltage sag at 110 kV side.

illustrated in Fig. 4. And the relationship of each vector is
shown in the following:

{
U2

A
= U2

B + U2
AB − 2UBUAB cos(90° + ϕB)

UB cos ϕB = UA cos ϕA
(9)

where the grid reactance voltage drop: UAB = IL Q(1)X L .
And also depending on the balance principle of active

power in ac/dc power system, the reactive power in node B is

Fig. 8. Open-loop control block diagram of SVC system.

Fig. 9. Predictive reactive power control block diagram of SVC system.

Fig. 10. DC output voltage and current.

calculated as

QB(1) = Pd tan ϕB . (10)

The reactive power consumption and grid voltage sag are
shown in Fig. 5, respectively. With the increase of the firing
angle α and dc current, the system consumes the higher
reactive power. Obviously, the voltage sag caused by the
reactive power has the same variation trend. Under the highest
200-kA impulse current by two bridges in parallel, the system
consumes about 120-Mvar reactive power with 8% gird volt-
age sag.

IV. IMPROVEMENT OF THE IMPULSE CURRENT TEST

As it is analyzed above, the impulse current test will cause
high impact reactive power and grid voltage sag. It is necessary
to improve and optimize the test. A SVC system connected
in 66-kV busbar of T1 secondary side has been constructed.
It has been confirmed to perform well in reactive power
compensation, harmonic suppression, and voltage maintenance
for integration test on the PFCU prototype test platform with
fast response [7]–[9]. The SVC system is considered to be
introduced in the impulse current test to suppress the impact.

The SVC system consists of thyristor controlled reac-
tors (TCR) and fixed capacitors, with the rated fundamental
compensation capacity 83.2 Mvar under 66-kV voltage level.
Four fixed harmonic filters tuned to the 3rd, 5th, 7th, and 11th
harmonics of 50 Hz are set. Its electrical schematic is shown
in Fig. 6 and parameter configuration is listed in Table II.
The compensation capacity provided by the SVC system
is proportional to the square of the bus voltage: Qsvc =
83.2(UC/66)2 Mvar. Uc is the bus voltage at the point of
common coupling (PCC).
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Fig. 11. Comparisons of simulation results. Single test. (a) Reactive power consumption at 46 kV side. (b) Grid voltage at 110 kV side. United test under
open-loop control. (c) Reactive power consumption at 46 kV side. (d) Grid voltage at 110 kV side. United test under predictive control. (e) Reactive power
consumption at 46 kV side. (f) Grid voltage at 110 kV side.

As the PCC in the autotransformer T1 secondary side,
the impulse test with SVC system can only be operated in
single autotransformer with two 6-pulse bridges. However, due
to its modular design, the theoretical method and simulation
analysis of the united test can be developed for multiple par-
allel bridges. It can provide theoretical basis and verification
for the improvement of dc test platform and the capacity
expansion of SVC system.

In the united test, as there are three unknown variables that
are reactive power consumption, reactive power compensation,
and grid voltage sag, it cannot calculate the variables by
the voltage vector method directly. The balance of the three
variables could be figured out by iterative computation in
MATLAB or other computing softwares. Setting the iteration
criterion: �Q(1) = |Q(1)(k + 1)| − |Q(1)(k)| < 0.5 Mvar,
the reactive power consumption and the grid voltage sag are
shown in Fig. 7, respectively. The capacity of the existing

SVC system is satisfied to compensate the reactive power
consumption of almost 200-kA impulse current and the grid
voltage sag is decreased from 8% to 3.5%. The SVC system
is effective in compensating reactive power and inhibiting the
power grid voltage sag.

Under limited condition of Req = 0.1 m	 in dc side,
the 110 kV grid voltage slightly exceeds the requirement
of 3% voltage fluctuation in Chinese National Standard “GB/T
12326-2008 power quality voltage fluctuation and flicker.”
By the iteration calculation, when the capacity of SVC system
is extended to 90 Mvar, it can satisfy the compensation
requirement of the impulse current 200 kA.

Due to the high rising output current and impact reactive
power in the test, the response speed of SVC system is a
primary factor to be considered. The open-loop control is
now used in the united test, which is mainly applied to load
compensation with simple control strategy, quick response,
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TABLE II

SVC SYSTEM PARAMETER CONFIGURATION

and reliable operation. The control block diagram is shown
in Fig. 8 [9], [10].

However, Steinmetz compensation principle used in open-
loop control will consume sampling period 20 ms. In addition,
dead time and trigger delay both increase response times in
thyristor control of TCR circuit. The response speed of the
open-loop control could not be sufficient to meet the fast
increase of the reactive power demand. As the test platform
adopts the fixed firing angle and the reactive power is calcu-
lated simply and exactly, this paper presents a predictive reac-
tive power method. The predictive reactive power is calculated
depending on the firing angle α and dc output current id , which
is used as feedforward compensation. And the grid voltage is
introduced as feedback to correct compensation error caused
by the reactive power calculation. The control block diagram
is shown in Fig. 9 [10]–[12].

The predictive control combines the advantages of
open-loop and closed-loop control, the real-time detection
of reactive power is canceled and the negative feedback of
grid voltage stabilizes the grid voltage. Compared with the
traditional open-loop control, the proposed predictive control
consumes less time with higher accuracy.

V. COMPARISON AND ANALYSIS OF SIMULATIONS

In order to evaluate and assess the theoretical analysis
and transient performance of the dc test platform with SVC
system and to validate the advantages of the proposed pre-
dictive reactive power control, the relevant simulations have
been developed based on MATLAB/simulink. The tap of the
100-MVA autotransformer T1 is set in 46 kV, and the impulse
current is set at 100 kA in 400 ms.

At the time 0.4 s, closing short-circuit breaker, the platform
starts to output impulse current. Then 400 ms later taking the
firing angle in inverted mode, the platform entries quit status.
The dc output voltage and current are shown in Fig. 10.

The reactive power consumption and grid voltage of the sin-
gle test without SVC system are shown in Fig. 11(a) and (b),
respectively. The reactive power consumption is about 36 Mvar
and the grid voltage is about 106.2 kV. The variation trend of
the reactive power consumption and grid voltage follows the
dc output current. The simulation results are consistent with
the theoretical calculation.

The united test simulation results with open-loop control
are shown in Fig. 11(c) and (d). Consistent with the theory
analysis, the delay time of open-loop control is so long that
it is unsatisfied with the response speed. The reactive power
has an over 6-Mvar peak and a 10 Mvar over compensation
appears on quit mode. And also the grid voltage has a transient
fluctuate. Due to its slow response time, there is an over
voltage in quit mode. As the impulse current increases, these
phenomena will become more and more serious.

Fig. 11(e) and (f) shows the simulation results of the united
test under predictive control. The response time is up to about
10 ms faster. (The response time starts from the system start
to the first peak of the reactive power.) The peak of reactive
power reduces to 2.8 Mvar and the over compensation has
lowered to 4 Mvar. Both of them are improved about 60%. The
transient fluctuate of voltage and over voltage is suppressed
significantly.

VI. CONCLUSION

This paper introduced the configuration and operation of
dc test platform. The simplified equivalent circuit of the
impulse current test is also presented. The reactive power
consumption and grid voltage sag is analyzed. To improve the
test performance, a SVC system is introduced to compensate
the reactive power and stabilize the grid voltage. A predictive
reactive power control strategy is proposed to improve its
dynamic response. The simulation results of the proposed
control are compared with the traditional open-loop control
that the effectiveness of the proposed control is evaluated
to reduce reactive power transient peak with lower voltage
transient fluctuate. This paper also provided a design reference
for the capacity expansion of the SVC system to meet reactive
power compensation for the higher impulse current test in the
future.
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