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Abstract: In this paper, a novel method for shock-free soft-start is proposed. The novel method can realize the aim of 

no-overshoot and inrush of current during the entire soft-start process, thus the start process is safe, stable, and reliable. When the 

uncontrolled rectification stage ends, a sinusoidal signal synchronized with the grid voltage is generated through dq coordinate 

transformation and D-axis orientation, then the signal is transmitted to the three-phase inverter bridge. The AC voltage output of the 

inverter bridge is superimposed on both ends of the soft-start resistor along with the grid. The open-loop control method is adopted to 

gradually reduce the modulation ratio of the sinusoidal PWM wave until the capacitor voltage on the DC side reaches the rated 

voltage value, then the soft-start resistor is removed, which means the shock-free soft-start process is completed. Experimental results 

prove the effectiveness and feasibility of the control strategy proposed in this paper. 
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1  Introduction 

At present, due to the existence of a large 

number of non-linear, impulsive, and fluctuating 

loads in industrial production, increasingly serious 

power quality problems are brought to the power grid, 

which could potentially threaten the normal operation 

of power systems and user equipment
 [1]

. Therefore, 

the power system puts forward the policy of “client 

power quality on-site compensation,” requiring users 

to configure corresponding power quality detection 

and treatment equipment on the load side to eliminate 

the influence of these loads pollution
 [2]

. Reactive 

power compensation technology has always been a 

research hotspot in the field of electrical engineering, 

whose function is to suppress the unbalanced grid 

voltage 
[3-4]

. 

The static var generator (SVG) is a power 

electronic equipment connected in parallel to a 

common connection point, which is usually used to 
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compensate the reactive power of the load and adjust 

the amplitude of the grid voltage by controlling the 

reactive power 
[5-7]

. Compared with the static var 

compensator (SVC), which is a dynamic reactive 

power compensator, the SVG is widely used in 

improving the power quality due to its advantages, 

such as fast compensation time and continuous 

compensation. Therefore, SVG is currently a better 

way to solve the above-mentioned client power quality 

problem 
[8-10]

. 

In Ref. [11], the D-axis orientation principle of 

SVG is proposed, which is used to ensure that the 

magnitude and phase of the SVG output voltage are 

consistent with the grid voltage. However, the current 

shock caused by the charging process of the starting 

capacitor was not analyzed. In Ref. [12], by 

increasing the p and q axis reference currents of the 

power grid, a new soft-start method for the 

grid-connected inverter was applied to prevent the 

current shock. However, the output current under this 

method fluctuates greatly. 

SVG is basically controlled by fully controlled 

devices (IGBT) and pulse width modulation (PWM) 

control. During the start-up process of low-voltage 

control, the inductance of reactor connected between 
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the inverter and grid is small, and there is a larger 

capacitor on the DC side, so a large starting surge 

current will be generated when the equipment is 

directly launched without control. As a result, there 

will be starting failure for the electrical and 

mechanical shocks caused by the starting current. 

More seriously, the equipment could also be damaged. 

Soft-start is a key technology to restrain unfavorable 

factors such as current impact and DC side voltage 

overcharge during the starting process, ensuring that 

the equipment can be started stably and put into 

operation smoothly. Therefore, soft-start technology is 

significant and difficult in the design of low-voltage 

SVG systems 
[13]

. 

Hence, this paper proposes a new open-loop 

soft-start method based on the D-axis orientation, 

which not only realizes the non-impact soft-start of 

SVG, but also reduces the difficulty of debugging, 

while being easily implemented. 

2  Topology and principle of SVG 

The topology of the system is shown in Fig. 1. 

The voltage voltage-source type three-phase bridge 

converter circuit is composed of IGBTs installed in 

parallel on the load side through series reactors, and 

the dynamic compensation of reactive power could 

be realized according to the actual load 
[14-15]

. Its 

principle can be illustrated by the single-phase 

equivalent circuit and vector diagram, which are 

shown in Fig. 2. 

Defining the no-load phase voltage generated by 

the equipment as NU , the single-phase grid voltage as 

SU , the connected reactor equation as jX j L , and 

R as the equivalent resistor considering the loss of the 

connected reactor and converter. From Kirchhoff’ s 

voltage law 

( )S I L IU R j L I U U U               (1) 

where LU  is the voltage of the connected reactor, 

that is, the vector difference between SU  and IU ; I 

is the current flowing through the reactor, which is 

also the compensation current of SVG. As shown in 

Fig. 2a, the output reactive power can be adjusted by 

controlling IU , which means that when the 

amplitude of IU  is greater than SU and the phase 

of IU  lags SU , the phase of the compensation 

current I  leads the grid voltage. The system will 

absorb the capacitive reactive power and show 

capacitive characteristics. When the amplitude of 

IU  is smaller than grid voltage SU  and the phase 

of IU  leads SU , the phase of the compensation 

current I  lags the grid voltage. At this moment, the 

system will absorb inductive reactive power and 

show inductive characteristics. Therefore, the 

amplitude and performance of the compensation 

current of SVG can be changed by adjusting the 

magnitude and phase of the AC side voltage IU , and 

then the reactive power compensation can be 

achieved. As shown in Fig. 2b, due to the existence of 

loss, the error angle  of the phase angle between 

grid voltage SU  and current I is smaller than 90°. 

Compared with the grid voltage, there exists active 

power in the current I , which means that all the 

active losses of the equipment are provided by the 

power grid 
[16-17]

. 

 

Fig. 1  System topology 
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Fig. 2  Equivalent circuit and vector diagrams 

As shown in Fig. 2b, when only the fundamental 

component is considered, taking the current I  

lagging the grid voltage SU  as an example, 

according to the vector triangle composed by the AC 

side voltage IU , the grid voltage SU , and the 

connected reactor voltage LU , then Eq. (2) could be 

written as 

   sin sin 90 sin 90

SL I
UU U

   
 

        (2) 

where   is the impedance angle of the connected 

reactor,   is the phase error of SU  and IU .   is 

positive when SU  lags IU . Then, Eq. (3) can be 

calculated as 

sin sin

sin(90 ) cos
L S SU U U

 

 
 


       (3) 

The compensation current I can be calculated by 

the impedance value of the connected reactor 

( 2 2( )Z R L  ). Simultaneously, considering that 

the phase error of the current I  and grid voltage SU  

is 90  - , and the projection of the current I  on 

voltage SU  and its normal is the active and reactive 

current component absorbed by SVG, respectively, the 

effective values are 
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From Eq. (2), the effective value of the AC side 

fundamental voltage of SVG is 

sin(90 ) cos( )

sin(90 ) cos
I S SU U U

   

 


 







- -
   (6) 

From Eqs. (5) and (6), when the absolute value of 

the phase error   is not too large, the effective value 

of the reactive current is approximately proportional to 

 , and the effective value of the fundamental voltage 

on the AC side is also consistent with  . Therefore, 

the amplitude and performance of the output current 

can be controlled by adjusting  , then the reactive 

power can be adjusted continuously and quickly. 

3  Soft-start strategy 

3.1  Traditional strategy 

In order to reduce the starting inrush current, 

many typical control methods have been employed to 

improve the system performance. But these methods 

are based on the following premise: the soft-start 

resistor is removed when the pre-charge ends and the 

PWM rectification method based on the closed-loop 

control is used to complete the soft-start of the DC 

side voltage. The equivalent schematic diagram of the 

device is shown in Fig. 3, where the output of the 

inverter is connected to the power grid through a 

reactor, a soft-start resistor, a contactor, and a circuit 

breaker. The conventional starting method is to keep 

the soft-start contactor closed at the end of the 

uncontrolled rectification phase, then the soft-start 

resistor is shorted out, and the DC side voltage can 

reach the given value by using the closed-loop voltage 

control method, completing the soft-start process of 

the system 
[18-20]

. 

 

Fig. 3  Equivalent diagram of SVG 

However, it can be seen from Fig. 3 that when the 

soft-start contactor is closed, the inverter starts to send 

out the PWM signal, due to the influence of dead zone 

and other factors, the output voltage of the inverter is 

smaller than the grid voltage. The soft-start resistor has 

been removed at this time, so that a voltage difference 
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will be generated on the connected reactor. As the 

inductive impedance of the reactor is very small, this 

voltage difference will generate a large surge current at 

the moment of switching, which will threaten the 

safety of power devices and eventually lead to the 

soft-start failure of the system. In addition, parameter 

tuning using the closed-loop PI control strategy is also 

difficult, which is not conducive to soft-start 

debugging. 

3.2  Principle of D-axis orientation 

In this paper, the open-loop soft-start control method 

with resistor based on D-axis orientation of the grid 

voltage is proposed to solve the problem that has been 

discussed above. The schematic diagram of coordinate 

transformation (abc // dq) is shown in Fig. 4. 

 

Fig. 4  Schematic diagram of coordinate transformation 

( / /abc dq ) 

The transformation process is as follows: first, the 

instantaneous values of the three-phase grid voltage 

and current are transformed from the three-phase abc 

static coordinate system to the two-phase orthogonal 

  static coordinate system through Clark 

transformation, and then further transformed to the 

synchronously rotating dq  coordinate system by 

Park transformation. 

The Clark transformation matrix and Park 

transformation matrix are respectively given by 
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Therefore, Eq. (9) could be deduced as 
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After the coordinate transformation, the three-phase 

voltage signal of the power grid is transformed into the 

d-axis and q-axis components, which represent the 

active and reactive components, respectively. 

In Fig. 4, the -axis of the  stationary 

coordinate system and the A-axis of the three-phase 

abc static coordinate system coincide with each other, 

and the rotation vector e  in the - plane is 

composed of e  and e . The counterclockwise 

rotation angular speed of e  in space is  . However, 

the dq coordinate system is a synchronous rotating 

coordinate system, and its angular velocity is also  . 

By using the phase-locked control method, the d-axis 

could overlap with the rotation vector e , that is, the 

D-axis orientation is realized. Simultaneously, the 

frequency and phase of the fundamental voltage output 

by the inverter side of the IGBT inverter bridge are 

completely identical to the grid voltage. 

3.3  Analysis of the PWM boost rectification process 

The open-loop voltage control is applied in the 

D-axis orientation soft-start stage. The equivalent 

schematic diagram of the AC side with a soft-start 

resistor for PWM rectification is shown in Fig. 5, 

where R is the sum of the soft-start resistor and the 

circuit equivalent resistor, XL represents the equivalent 

impedance of the reactor, UI represents the output 

voltage of the three-phase inverter side, and US 

represents the grid voltage. At the soft-start stage, the 

soft-start resistor is still connected in series in the 

circuit, therefore the amplitude of the grid voltage is 

higher than the inverter side, and the current I flows 

out of the power grid, which indicates the power grid 

is delivering power to the inverter side. 

 

Fig. 5  Equivalent schematic diagram of the AC side 

Fig. 6 shows the vector diagram of the AC side 

voltage with a soft-start resistor for PWM rectification, 

where UI represents the output voltage of the 
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three-phase inverter side, US represents the grid 

voltage, UR is the voltage drop across the circuit 

resistor, UL is the voltage drop across the reactor, and θ 

is the angle between the current and the grid voltage, 

that is, the power factor angle. 

 

Fig. 6  Vector diagram of the AC side voltage  

at the soft-start stage 

The expression for the power factor angle θ could 

be written as 

arctan
L

R


              (10) 

Compared with the equivalent resistor R, the 

equivalent impedance of the reactor is very small, and 

0  . It can be seen from Fig. 6 that the power grid is 

approximately at the state of unity power factor, which 

means almost all the active power of the grid is used to 

charge the DC side capacitor. 

Simultaneously, when the modulation ratio is set 

to a maximum value close to 1 (such as 0.99), the 

phase and amplitude of the output voltage of the 

inverter side UI is consistent with the grid voltage Us. 

Even if when the output voltage of the inverter side UI 

is slightly smaller than the grid voltage US due to 

factors such as device voltage drop and dead zone, the 

existence of the soft-start resistor and the resistor is 

much greater than the equivalent impedance of the 

connected reactor, therefore, there is no current surge 

in the system. 

Next, the modulation ratio M of the PWM wave 

is gradually reduced according to the step size M  

shown in Eq. (11) at fixed intervals. 

M M M               (11) 

where M  is the step size, and the fixed intervals 

and M  depend on the interrupt period and the 

soft-start resistor. When the output voltage of the 

inverter side UI drops, the capacitor voltage on the DC 

side will gradually increase to the rated voltage. The 

principle could be described as follows 

1
( ) (0) ddc dcU t U i t

C
          (12) 

23

2 3

uv

uv dc dc

U
U M U U

M
         (13) 

where Uuv is the output line voltage of the three-phase 

inverter bridge and Udc is the DC side capacitor voltage. 

It can be seen from Eqs. (12) and (13) that the 

voltage variation process of the DC side capacitor can 

be expressed as follows 

( ) UV dc

UV dc giv

M M M U i U

U i AgainM U U

      

    
 

(14)
 

With the periodic decrease of the modulation 

ratio M, the DC side capacitor voltage Udc is gradually 

increased until its value is equal to the rated voltage 

value Ugiv. 

This paper adopts the soft-start method based on 

D-axis orientation. After the uncontrolled rectification 

stage finishes, coordinate transformation is performed 

on the grid voltage signal. Through the D-axis 

orientation of the grid voltage, a sinusoidal PWM 

signal synchronized with the grid voltage signal is 

generated and used as a modulation wave. After 

modulation, the six-PWM waves are generated to 

drive the power devices, and then the inverter bridge 

will output the AC voltage synchronized with the grid 

voltage, it is superimposed on both ends of the 

soft-start resistor with the grid voltage. By using the 

open-loop control, the modulation ratio of the PWM 

wave is gradually reduced until the voltage of 

capacitor on the DC side reaches the rated value. At 

this time, the soft-start resistor is cut off, and the entire 

soft-start process is completed. 

4  Experimental results 

Based on the above theoretical analysis, a 

±100 kVar SVG device is developed. The main and 

rear views of the SVG are shown in Fig. 7, where the 

soft-start resistor is shown in Fig. 7a. 
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Fig. 7  Experimental prototype platform of the SVG 

The main parameters of the SVG are shown in 

Tab. 1. 

 

Tab. 1  Main parameters of the SVG 

Parameter Value 

Rated capacity Q/kVar 100 

Operating voltage US/V AC 380±15% 

Rated compensation current I/A 225 

Working frequency fS/Hz 50±1 

Response time T/ms ≤5 

Working mode Automatic or manual 

Operating display Touch screen 

Protection 

Grid under-voltage, phase lack 

and phase dislocation, over- 

current, overheat, overvoltage and 

under-voltage of DC bus, overload 

automatic protection of current 

limit 

Fig. 8 shows the soft-start waveform under the 

conventional soft-start method. Fig. 9 shows the 

soft-start waveform obtained under the method proposed 

in this paper. It can be seen from the experimental results 

that under the proposed method, the soft-start waveform 

rises more smoothly and has no overshoot. 

 

 

Fig. 8  Soft-start waveform under the  

conventional soft-start method 

 

Fig. 9  Soft-start waveform obtained under the 

 proposed soft-start method 

In order to further verify the dynamic and steady  

performance of the SVG, a closed-loop grid-connected 

experiment is carried out. The voltage and current 

waveforms of phase A of the grid side at steady state is 

shown in Fig. 10. 

 

Fig. 10  Voltage and current waveforms of phase A  

of the grid side 

As shown in Fig. 10, the phases of the voltage 

and current are consistent, and it can be concluded that 

the SVG has achieved unity power factor control.  

Fig. 11 shows the experimental waveforms under 

different load conditions. It can be seen from the 

figure that the system can quickly track the change of 

the reactive current signal on the load side, and the 

phases of voltage and current are consistent during the 

entire soft-start process. 
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Fig. 11  Experimental waveforms under different  

load conditions 

5  Conclusions 

This paper discusses a soft-start strategy used in 

SVG. The reason for the failure of traditional soft-start 

is analyzed and a novel SVG soft-start control strategy 

based on D-axis orientation is proposed. Through 

experiments, the soft-start waveforms under two 

methods are obtained, which are consistent with the 

theoretical analysis. The experimental results verify 

the validity and feasibility of the proposed scheme. 
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