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1. INTRODUCTION

The North-South high-speed railway system is a key project of Vietnam and is the first choice of
countries worldwide. This system makes contributions to developing the economy of passenger transport and
improving traffic [1]. However, the system requires a stable [2], [3]. When using electricity from the three-
phase grid, current railway power systems often exhibit low reliability and poor flexibility, frequently
encountering issues such as power imbalance, voltage fluctuations, and the presence of harmonics when
connected to the grid [4]. These factors not only reduce the efficiency of train operation but also negatively
affect the quality of electricity in the entire power system [5]-[7]. For electric trains to operate with power
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from the grid, transformers are indispensable components to generate the voltage value required for train
operation. However, in train systems with many continuously changing operating modes, transformers cannot
respond quickly to the requirements of instantaneous power adjustment, voltage stabilization, and harmonic
suppression [8]. Therefore, for high-speed railway trains to operate efficiently, more advanced solutions are
necessary to ensure the system's performance and reliability. One of the most effective solutions today is to
use a static synchronous compensator (STATCOM) to stabilize voltage and balance reactive power [9]-[11].
In the context of Vietnam's North-South high-speed railway system, which has large power consumption and
stable operation requirements, the application of STATCOM not only helps to overcome current problems
but also ensures that the system can meet future needs. STATCOM is a reactive compensation device based
on power electronics conversion technology [9]. This device will be connected to the transformer supplying
the train at the PCC point. Its task is to provide the reactive power required quickly by the railway train [12].

The advantage of the STATCOM device is that it responds quickly to requests for reactive power
mobilization to stabilize the voltage and ensure optimal operating conditions for the train [13], [14]. STATCOM
is capable of balancing the current, regulating the voltage, increasing the power factor, and minimizing harmonic
currents in the system. Furthermore, the flexible, compact design and multi-objective capability of STATCOM
have made it an ideal solution for improving the quality of railway trains [15], [16]. Previously, STATCOM has
been widely studied and applied in various fields of power systems. The voltage stability control strategy based
on reactive power compensation from STATCOM for wind farms to overcome voltage imbalance was
introduced in [17]. Researcher in [15] showed that STATCOM can well control the value of reactive power
supplied to the grid from wind farms. To improve the operating efficiency of industrial motors in the case of
reactive power shortage, the reactive power compensation process at the load node was introduced in [18].

Currently, solutions to compensate for reactive power for high-speed railways are an urgent issue to
improve the operational efficiency of electric trains and save operating costs. Reactive power compensation
for electric trains requires acting quickly in all high-speed railway train operating modes. To do that, this
paper will design a reactive power compensation system based on a three-phase voltage source converter
connected at the point of common coupling (PCC) point supplying power to the train. Many control
algorithms can act on the three-phase voltage source converter to compensate for reactive power and stabilize
the terminal voltage for the train. Specifically: sliding mode control (SMC), model predictive control (MPC),
and linear control (Pl). SMC and MPC systems often provide better response and better control quality. Still,
the disadvantage of these methods is that they are very complicated to implement on large systems such as
high-speed railway systems, requiring measurement of many input parameters, making the system complex
and expensive, and putting pressure on the microcontroller system. Meanwhile, the PI controller has a simple
design and operation, few control inputs, but still provides good quality to meet the control goals, which is
very suitable for operating high-speed railway systems with large distances of up to thousands of kilometers.

In this paper, the reactive power compensation control process is designed with two control loops using
a Pl linear controller, in which the outer loop adjusts the direct current (DC) and alternating current (AC) voltages
of the three-phase bridge converter to bring the operating voltages to their reference values during operation. The
inner control loop will control the current and reactive power to compensate for the power shortage required by
the train. The selection of the PI controller in this system is to create a simple implementation process while still
ensuring control requirements. At the same time, Pl is a linear controller applied in many control systems of
frequency converters [19]. PI can respond quickly, eliminate errors well, operate reliably, and stably [20].
Especially when programming microcontrollers, Pl takes up few resources and has a small computational volume
[21], [22]. This will help the system respond quickly; electronic devices can operate stably for a long time.

In this paper, the parameters of the PI controller are calculated and designed so that the controller
can operate within the allowable ranges when the grid power system fluctuates due to objective reasons, or
when the load of the train changes under different operating conditions. This feature has shown the advantage
of the proposed method when applied to the load of the train, which has not been studied before in Vietham
or in developing countries like Vietnam. The system demonstration process was simulated and programmed
using MATLAB/Simulink software. The results demonstrated the STATCOM system's voltage stability
when supplying power to trains operating in different modes, with a deviation of no more than 5% compared
to the rated value. The results also showed that the reactive power was controlled closely to the reference
value required by the train in different operating modes with a minimal response time. The above results
allowed the system to stabilize the reactive power balance and maintain voltage stability at the PCC point. This
is the basis for developing energy operation systems for high-speed railway trains in Vietnam and worldwide.

2. OPERATING PRINCIPLE OF STATCOM FOR HIGH-SPEED RAILWAY TRAINS
The STATCOM device is connected in parallel with the train power supply system at the PCC
point, as shown in Figure 1. This is to compensate for the reactive power of the train in case the train loses

Int J Pow Elec & Dri Syst, Vol. 16, No. 4, December 2025: 2369-2380



Int J Pow Elec & Dri Syst ISSN: 2088-8694 g 2371

voltage stability at the PCC point or there is a shortage of reactive power that the grid cannot provide. As is
known, high-speed trains operate well thanks to a sufficient power supply with good power quality. Even
small voltage fluctuations can affect the movement of high-speed trains. Two factors cause voltage
fluctuations for high-speed trains: reactive power shortage and train speed (load changes) [23].

In this model, the reactive power mobilized for the train must be balanced with the reactive power
required by the train, which means that to ensure the train's good operation. The grid power system,
combined with STATCOM, must provide enough power for the train to ensure this requirement. The main
part of STATCOM is a three-phase voltage converter, as demonstrated in Figure 2. Where Figure 2(a) is the
schematic diagram of STATCOM connected to a three-phase grid, Figure 2(b) is the alternative diagram of
STATCOM connected to a three-phase grid, and Figure 2(c) is the simplified diagram of Figure 2(b). The
power transformer is represented by the inductor X.
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Figure 1. General diagram of the STATCOM compensation system for trains
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Figure 2. Equivalent circuit diagram of STATCOM
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The (1) and (2) show the values of active power P and reactive power Q supplied to the train.
P =V lcosp = %sin& Q)

2
Q = VgIsing = ‘/S)T(icoﬁ — VYG 2

In which: Vg is the voltage at the PCC point, Vsr is the voltage of STATCOM, ¢ is the phase angle between
Vg and Vs, @ is the phase angle between | and V. When the train operates stably and the power consumed by
the train is fixed, the relationship between reactive power and other components in the system is written in (3).

_ VstVeg 2 V2
0= (58 -p-% @
From (3), we see that the relationship between voltage and reactive power required by the train is written in
the form of (4).

V2
=% 4

In reality, high-speed trains operate in many modes, such as accelerating, decelerating, holding, and
even stopping to pick up and drop off passengers. Therefore, the power consumption capacity of the train is
different. This leads to different reactive power consumption modes. If the power supply’'s reactive power
does not meet the operating modes of the train, the reactive power will decrease, causing the V¢ voltage at the
PCC point also to reduce. At this time, reactive power will be mobilized from the STATCOM device to
ensure the balance of reactive power for the train. This is to avoid power shortage incidents that affect the
operation of the train. From here, the voltage supplied to the train will have to increase to the rated value.

In permanent operation, the Vsr voltage generated by D-STATCOM matches the Vg voltage of the
grid. In STATCOM mode with only reactive power compensation, Pst = 0. Considering (1), the angle 3 = 0
achieves this. The (2) shows the amount of reactive power generated from STATCOM to supply the train (5).

_VstVg V¢ _ VeVsT—Vg)
Qs = VTY6 T _ ValUst V) (5)

The (5) shows that the reactive power of the train can be controlled by controlling the voltage supplied to it.
When the reactive power supplied to the train decreases, the voltage will be controlled to increase to achieve
the required reactive power value. The current absorbed by the STATCOM in Figure 2 is shown as (6) [24].

_Vg-Vsr
1= (6)

Here, Vs and Vs always operate in phase and at the same frequency without being affected by the power
losses caused during operation. Then, the reactive power Qsr absorbed or emitted by the STATCOM device
can be expressed as (7).

. We=Vsr) Ve(We-Vsr)
QST=Im(VG G_]-XST)= € c;( = (7

From (7), we see that when the phases are the same, the Vst can be controlled through the current
and phase angle of the STATCOM. Accordingly, if the voltage at the PCC is greater than the output voltage
of the STATCOM, the phase of the current from the system to the STATCOM will be 90° behind the voltage
at the PCC. The STATCOM will operate in inductive mode and absorb the excess reactive power supplied to
the high-speed train [25]. If the voltage at the PCC is less than the output voltage of the STATCOM, the
phase of the current from the system to the STATCOM will be 90° ahead of the voltage at the PCC. The
STATCOM will operate in capacitive mode and supply the necessary amount of reactive power to the train,
as shown in Figure 3. Figure 3(a) shows STATCOM absorbing reactive power, and Figure 3(b) shows
STATCOM generating reactive power.

When the voltage drops or rises to a specific value, the STATCOM is limited by the capacity
required by the train. The control system will act on the semiconductor valves to maintain a stable state with
no shortage or surplus of reactive power. Therefore, the output current remains unchanged, and the reactive
power is controlled by continuously adjusting the amplitude and phase of the Vsr.
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Figure 3. Diagram showing the operating principle of STATCOM: (a) absorbing reactive power and
(b) emitting reactive power

3. MODELING AND CONTROL STRATEGY OF STATCOM BASED ON THREE-PHASE
BRIDGE INVERTER

3.1. Mathematical model of STATCOM based on a three-phase bridge inverter

The reactive power control process for STATCOM, based on voltage value control, is performed
using three-phase bridge inverter control, as shown in Figure 4. In which: ia, i, ic are the output current of
STATCOM,; Vst 4, Vst b, Vst ¢ are the output voltage of the converter; Vg a, Vg b, Vo _care the voltage at PCC;
Vg is the DC voltage of STATCOM; iq is the DC current of STATCOM,; L is the inductance of the
transformer; R is the resistance of the transformer.
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Figure 4. STATCOM structure based on a three-phase bridge inverter

From Figure 4, we can write the relationship between the DC and AC side currents of STATCOM as (8).

Dg — Dy [ian
lgc = Dy — D, ibcl (8)
Dc - Da lea
Where: Dy are the functional conversion factors and k = a, b, c.
) . . Vsra — Vst D, — D,
gy = 3 (ia - ib): pe = 3 (ib - l'C), g = 3 (ic - ib) and VST,b - VST,C =|D, — D, Vac (9)
VST_C - VST_a DC - Da
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Rig + L5 =V, o = Ver g

Rlb + L dlb = VG_b - VST_b

mc (10)
RLC + L = VG_C - VST_C
L digp — l I:& dip

at 3 Llat ~ ar

The circuit diagram in Figure 4 shows the relationship between the STATCOM output voltage and the grid
voltage as in (10). The (9) and (10) can be expressed as (11) and (12).

! dl’”’ == [(VG a VST,a) - (chb - VST,b)] — iR = %[(VGJ_ - VG,b) - (VSTia - VST,b)] —igpR
L

d;ic =3 [(VG b~ Vc_c) - (VST_b - VST_C)] — IpcR (11)
L dlm =3 [(VG c VG_a) - (VST_C - VST_a)] —icqR
4 lap . [Ve o — Ve ] ) [Vsr o — Vsrp . lap
[' l =3 Voo —=Vorc|— i Vsrp = Vsre| — z [lbc] (12)
_VG_c - VG_a_ _VST c—Vsra lea
Applying equations from (9) to (12) will give (13) and (14).
d iab 1 _VG _a VG b_ 1 _D - Db iab
E[l:bcl =3 Ve — Ve ~ 3 Dyp — D Vdc——[lbcl (13)
_VG_C VG_a_ _D - D lea
av Da - Db ’ lab
~de — i, = |Dp = D, ibc] (14)
Dc - Da ica
cos(wt)  cos ( t— —n) cos (wt +- T[)
[lql ~|—sin(wt) —sin (wt - —n) —sin (wt += T[) (15)
1 1 1
2 2 2

The (14) is commonly used in power systems to convert three-phase to two-phase in a rotating
reference frame. For the convenience of control with the proposed strategy, the Park transformation is used to
convert the abc coordinate system of (14) to the dg coordinate system. From power system theory, we will
get the effective and reactive currents relative to a rotating reference frame with angular frequency o in the
dqg coordinate system as in (15). In this case, iq is the active current component, and iq is the reactive current
component. Then will get (16).

i _ lb —sin wt - § ) cos (wt - i?‘[) 1 - iy
[ibcl = %[ ] ([lb] [lCD sm(a)t) —cos(wt) 1 [iq] (16)
lea —sin a)t + gn) cos (wt + %ﬂ) 1 0

. ) —sin '(wt - %n) cos (a)t - %n) 1]
SetT™ ! = N sin(wt) —cos(wt) 1
—sin (wt + %n) cos (a)t + %n) 1]

i V D
. |ia l-ab . |V6a o-ab . |Pd ab
Then we have: |-2| = T |ipe [; [-52] = T | Vo b |; |2 = T [ Dy 17)
lg . VG,q Dq_
ac VG_ac Dac

From the transformation of (17) to the left side of (16), we get (18).
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_1[1}1] dig
lap qr t 1[i I ]
d|. _ ar-
7 [l'bc] =——0 = [ d] +T tlat (18)
lac
Similar to the above transformation, the (19) can be derived.
) dig " D .
dar|lg -1 “at _ 1o |¥6dl 1,9 |7d _Rpq la
dt [iq] +T dig| — 3LT VG_q] 3LT D, Vac L T iq (19)

dt

From the principle of electrical systems, it can be inferred as (20).

L o —
Voa =VmiVoq=0; T "] (20)
Multiply T by both sides of (19) and apply (20) to get (21).
diq R Ragri 1
dt L 3L 3L
dig| = R —Dg *tlo|Vm (21)
—_— w — —
dt L 3L dc 0

Rearranging (20) and (21) will get the relationship between current and voltage in the dg coordinate system
as (22).

1

—= ld +igw Vdc Dy + -V
% = —ida) — iy - Vdc D, 22)
d;;“ = %idDd + ;—Cqud
-R -D
iy T a1 [~
Slig|=| -0 = 2| |+]|o|Vn (23)
Vac 2 0

2 Vac
ED“ ED‘I 0
The (22) shows that the coefficient Dy is flexible and can be used in the model as a control variable to control
the parameters ig, iq, and V.

3.2. Control model for STATCOM reactive power compensation for high-speed trains

The STATCOM in Figure 5 is an independent power source fed into the connection point to control
the voltage imbalance and reactive power in order to improve the train's power quality. This paper proposes a
control system using two loops to realize reactive power control for the train. The parameters of the AC
power system are converted through the dg coordinate system into DC components to simplify the control
process. In the case of ignoring the effects of disturbances.

Figure 5 shows that the 3-phase AC voltage and current will be measured and converted to dq
coordinates through the phase-locked loop in the PLL block, and the DC voltage of the STATCOM is also
measured. After the voltage value is converted from the abc coordinate system to the dq coordinate system
through the abc/dc block, these quantities will be compared with their reference values, and static errors will
be eliminated through the linear PI controller. The loop system uses two controllers and is explicitly
described as follows:

— DC voltage regulator: The DC voltage value Vqc is measured from STATCOM, then compared with the
reference DC voltage value Vqc rer, the error between the actual value and the reference value of the DC
voltage is fed into the Pl controller to cancel and create a reference current value iq_rer, this current is used
to compare with the current ist 4, the comparison process will determine the error value and be canceled
by the PI controller and create a reference value iqg_rer, the iq_rer Current is the component in phase with the
voltage used to control the active power flow.

— AC voltage regulator: After determining Vg _¢and Vg _q in the dq coordinate system, the process calculates
their amplitudes and compares them with the reference value Vier. The comparison process determines the
deviation value, which the PI controller eliminates. The PI controller creates the reference current ig ref to
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control the reactive current. The iq rer current is the component perpendicular to the voltage, regulating the
reactive power flow.

After having the set values of the reference current iq_rer and iq rer, they will be compared with the
values of the actual current ist.q and ist-q; the error values of this comparison process will be eliminated by the
P1 controller of the inner loop and create control voltages vq and vgq. By converting from dq coordinates to abc
coordinates in block dg/abc will get the control voltages va, Vb, Vc. These signals will be fed into the PWM
stage to create the IGBT valve switching pulse of the STATCOM to create the desired reactive power and
maintain the stability of the system voltage to supply the train system, while being able to synchronize the
appropriate operating power to stabilize the voltage on the DC side.
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Figure 5. STATCOM control system diagram

4.  SIMULATION AND EVALUATION OF RESULTS

The system is simulated with the parameters shown in Tables 1 and 2. Table 1 shows the parameters
of the train, and Table 2 shows the parameters of the STATCOM device. Figure 6 illustrates the reference
and feedback speed curves. The speed curve deviates from the reference one during the transition from the
acceleration phase to the constant speed phase. However, the feedback curve subsequently follows the
reference closely.

Table 1. Parameters of high-speed train

Parameters of the train Speed (rpm)  Power (kW) Parameters of the train Speed (rpm) Power (kW)
Mass of train at full load (M) 494000 kg Coefficient C 0.00095561
Number of motors (N) 8 Wheel diameter (Dwh) 0.84 m
Maximum speed (Vmax) 350 km/h Transmission ratio (i) 107/16
Base speed (Vh) 320 km/h Gearbox performance 0.85
Coefficient A 1.6 Motor performance 0.95
Coefficient B 0.035 Inertia moment of train (J) 343.561 kg.m2

Table 2. Parameters of STACOM

Parameters of STACOM Value
Transformer rated voltage  2.5/30 kV
Rated frequency 50 Hz
PWM frequency 5000 Hz
Apparent rated power 3-15 MVA
Resistance 0.22/30 pu
Inductance 0.22 pu

Voltage Vst STATCOM 2000 vV
Continuous DC tension 4000 V
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The train's current and voltage are always stable in operating modes, as shown in Figures 7 and 8
have a standard sinusoidal form when the train's speed changes in Figure 6. This proves that when the system
is compensated, the current and voltage at the PCC point supplying power to the load are always stable and
balanced, even though the grid voltage fluctuates. The quality of current and voltage, as in Figures 9(a) and
9(b), shows that the THD of the current is 1.95%, and the THD of the voltage is 0.1%. Referring to the IEEE
519 standard, these are values that represent suitable power quality. These indices ensure that the quality of
power supplied to the train is consistently guaranteed, allowing the traction motors to operate efficiently for
an extended period.
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Figure 10 is the result of the DC voltage value of STATCOM. This result indicates that the DC
voltage remains stable in the high-speed train's operating modes. When the high-speed train changes its
operating mode, as shown in Figure 6, the DC voltage fluctuates insignificantly. This demonstrates that the
controller has maintained a consistently stable DC voltage without any significant transients.

Figure 11 is the result of reactive power compensation at the PPC point when the operating mode of
the grid and the train change. The result shows that when the grid and the train change operating modes, the
STATCOM compensates for a certain amount of power, as illustrated in Figure 11(a), to provide sufficient
reactive power for the train load to remain stable, as shown in Figure 11(b). This result demonstrates that the
Pl controller has responded promptly to supply reactive power to the train, ensuring stable operation.
Figure 12 illustrates the active power exchanged between the STATCOM and the grid at the PPC point. The
results show that during the operation of the high-speed train, the active power exchanged by the STATCOM
with the grid is always close to zero, which confirms that the control design process for the STATCOM has
met demands for the set goal.
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Figure 10. DC side voltage of STATCOM
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5. CONCLUSION

The paper presents the model and method of reactive power control applied to high-speed train
systems. The paper analyses the importance of high-speed passenger trains. It then examines the
mathematical model of the power electronic converter applied to the STATCOM device, including its
operating principles for compensating reactive power. Finally, the design of the reactive power control
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system based on the three-phase bridge converter model instantly provides the missing reactive power of the
high-speed train. Providing sufficient reactive power will ensure a stable operating voltage; on the other
hand, making the voltage supplied to the train stable and continuous for a long time will reduce energy losses
and increase the life of the electric motor and help the passenger transport process better. The simulation
results of the control process when the system is operating have shown that when the voltage at the supply
node for the train fluctuates due to the phenomenon of reactive power shortage, the STATCOM device can
control the compensation of the appropriate amount of power to stabilize the voltage at the PCC node. The
results have shown that the reactive power value effectively follows the desired setting value, limiting the
voltage drop process, improving the stability and reliability of power supply for high-speed trains. This has
confirmed the correctness of the theoretical analysis presented in the paper.
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