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Abstract

Industrial Static Var Generator (SVG) is typically applied at or near the load center to mitigate
voltage fluctuation, flicker, phase unbalance, non-sine distortion or other load-related disturbance. Special
attention is paid to the influence of grid voltage quality on SVG current, the non-sine distortion and
unbalance of grid voltage causes not only the AC current distortion and unbalance but also the DC voltage
fluctuation. In order to let the inverter voltage contain the fundamental negative sequence and harmonic
component corresponding to the grid voltage, a new dual-loop control scheme is proposed to suppress the
influence in this paper. The harmonic and negative sequence voltage decomposition algorithm and DC
voltage control are also introduced. All these analyses can guide the practical applications. The simulation
results verify the feasibility and effectiveness of the present control strategy and analyses.
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1. Introduction

With the fast development of information technology in recent years, the requirement for
electricity quality is higher and higher. In addition to require the reliability and continuity of power
supply system, stable voltage and frequency are also expected. But the loads of distribution
network are increasing, such as rectifier, arc furnace and so on. The nonlinear, impulse and
imbalance characteristics of these loads result in distortion of the voltage and current
waveforms, voltage fluctuations and flicker. Lightning, short circuit and open circuit in power
system can also cause severe disruption to electricity quality. The supply cutting off suddenly
will bring enormous economy loss, especially in significant industry. Therefore how to enhance
and ensure power quality has been a major topic in the electrical engineering [1].

Static Var Generator (SVG) is an advanced reactive power compensator and it has
attracted more and more attentions in recent years. It can be used to control power factor,
regulate voltage, stabilize power flow and improve dynamic performance of power systems.
SVG can also provide additional functions like harmonics compensator and load balancer, as a
potential trend in the past decade. The major advantages of a SVG include faster dynamic
response, the ability to generate the rated current at almost any grid voltage, the use of
relatively small capacitor on the dc side and a smaller footprint in a substation [2, 3].

In this paper we concentrate on SVG operation with non-ideal grid voltage, which
include unbalanced and harmonic components. As a consequence of unbalanced conditions,
large negative sequence current may flow between the compensator and the grid. Harmonic
current may flow between the compensator and the grid under harmonic voltages conditions.
Unbalanced and harmonic voltages in the grid cause voltage distortion on the dc side and
consecutively the generation of low order harmonics on the ac side. Under the effect of the
control strategy, the negative sequence and harmonic currents of SVG are controlled to zero
and there is no low-order harmonics generation on the ac side.

2. Impact of Non-ideal Grid Voltage on DC Voltage

The proposed configuration of the whole system is shown in Figure 1. There is no
transformer, and the SVG is directly connected in parallel with the three-phase load via a small
inductor for attenuation of switching frequency current ripples. The power converter of the SVG
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employs several series-connected IGBTs in each leg of the three-phase bridge circuit for
medium voltage blocking capability. The DC capacitors could be in series and parallel
connections too. The SVG looks like a voltage source. When the system voltage U includes
negative sequence voltage and harmonic voltage, negative sequence current and harmonic
current can flow into the compensator limited only by the SVG reactance X, the value of
harmonic current can be calculated by Equation (2) [4-6].
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Figure 1. Structure of SVG

2.1. Impact of Grid Harmonic Voltage
Harmonic voltage content can be derived as follows:

HRU, =2 x100% (1)

1

Where U, is the rms value of n-order harmonic voltage, U, is the rms value of fundamental
positive sequence voltage. When the harmonic voltage content is HRU,, the harmonic current
flowing through the SVG is expressed [1]:

I :&: U,HRU, U, )

"X, JR*+(nw,L)?  JR?+(w,L)?

Assumed that @, is the phase angle of the fundamental positive sequence current. The
harmonic current flowing through the SVG is expressed.

. cos(nwyt+¢;)
iy, |=—1,| cos(nw,t+ ¢, +120°) )
i, cos(nw,t+ ¢, -120°)

By considering only the fundamental components, the switching function of the SVG
converter can be simplified.

S. ) sinw,t
Sy |= 5| sin(@,i-120°) (4)
S. sin(w,t+120°)

Where A is modulation depth of the SVG. From (3) ~ (4), we can concluded that:

id = Saian + Shihn + Scic‘n =
= Iy{cos[(n-1)w,t +ne,](1+ 2cos[(n-1)120°]) (®)
-cos[(n+1)w,t + ne,1(1+ 2cos[(n+1)120°])}
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Z. (a))| =Uy{cos[(n-1)w,t +ne,](1+ 2cos[(n-1)120°])
I(n-1) - cos[(n+1)w,t + np,J(1+ 2cos[(n+1)120°]) / (n +1)}

U; =i,

(6)

Where: j - 34U, U, = Iy
N '
4\R? + (nw,L)?
From Equation (6), we can conclude that:

(1) DC voltage fluctuation frequency is only relative to the frequency of harmonic
voltage.

(2) In case of the presence of 3kt1 order harmonic voltages, a 3k order harmonic
component appears in the dc voltage. Figure 2~3 shows the simulation results (k=1,2,3...).

(3) 3k order harmonic voltage has no impact on dc voltage.

DC voltage fluctuation amplitude is relative to the harmonic voltage and modulation
depth A. When the harmonic voltage is constant, the greater A is, the greater the fluctuation
amplitude of dc voltage. Theoretically, dc voltage fluctuation can be suppressed by reducing A.
But reducing A will affect waveform quality and increase the content of harmonic currents. And
lower A requires a higher dc voltage in the case of an certain rated capacity. In order to reduce
the content of harmonic currents and improve the reliability of SVG, lower dc voltage with a
higher A is usually used.
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Figure 2. DC Voltage While Grid Contains Figure 3. DC Voltage While Grid 30% 5 Order
Harmonic Voltage Contains 50% 7 Order Harmonic Voltage

2.2. Impact of Grid Negative Sequence Voltage
Negative sequence voltage content can be quantified using the following definition [3-6]:

K = %x 100% (7)

1

Where U. is the rms value of the negative sequence voltage. When the negative sequence
voltage content is K, the negative sequence current flowing through the SVG is:

;U KU (8)

X JR? 1 (w,L)?

Assumed that @, is the phase angle of the fundamental negative sequence current, the
negative sequence current is:

i, sin(w,t + ¢@,)
i, |=1 |sin(wyt+ e, +120°) 9)
i, sin(wyt + @, -120°)
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By considering only the fundamental frequency components, the switching function of
the SVG converter can be simplified as Equation (4). From (4) and (9), we obtain:

i, =S8, T80, +S., =1 cos(Rw,t+ ¢p,) (10)
u, =i, Zc(a))|=U‘cos(2a)0t+(o2)/2 (11)
Where: ;- _ 34U - _ I

- U =

4JR? + (0,L)? w,C

From Equation (11), we can see that negative sequence voltages causes a second
harmonic component in the dc voltage. Fluctuation amplitude is relative to the negative

sequence voltage and the modulation depth A. Figure 4 shows the simulation results.
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Figure 4. DC Voltage While Grid Contains 10% Negative Sequence Voltage

3. Influence of Non-ideal Grid Voltage on The AC Current
3.1. Influence of Grid Negative Sequence Voltage

The SVG ac current includes negative sequence current when the grid includes
negative sequence voltage. The amplitude of the negative current can be calculated by
Equation (8).

We assume that dc voltage is constant while analyzing the effect of the negative
sequence voltage on the ac current. From Figure 5, we obtain that the ac current appears
obvious unbalance when the grid voltages include 1% negative sequence voltage. Figure 6
shows that the simulation value of negative sequence current is close to the theoretical value.
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Figure 5. Output Current while Grid Contains Figure 6. Relationship between the
1% Negative Sequence Voltage Amplitude of Negative Sequence Current and
Negative Sequence Voltage
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3.2. Influence of Grid Harmonic Voltage
Taking 5 order harmonic as an example. The ac current appears corresponding number

harmonic current when grid voltage includes harmonic voltage. Equation (12) can calculate
current amplitude [2].

U,HRU,

> JR2+ (50,L)

Assume that dc voltage is constant. From Figure 7, we obtain that the output current
appears obvious harmonic current when the grid voltage include 5% 5 order harmonic voltages.
Figure 8 shows the simulation value of harmonic current closed to the theoretical value.

I (12)
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Figure 7. Output Current While Grid Contains Figure 8. Relationship between 5 Order
5% 5 Order Harmonic Voltage Harmonic Current and 5 Order Harmonic
Voltage

4. Influence of the DC Voltage Fluctuation on the AC Current of SVG
A dc voltage with fluctuations can be expressed as:

Udc = Ud00[1+k‘gin(nw0t)] (13)

Where U, is the average voltage, k is fluctuation coefficient and nwy is fluctuation frequency.
The output voltage of SVG can be expressed as:

U, sin(w,t+ @)

1 . . (14)
Ug, | = E?»Udc sin(w,t-120" +¢)
Ug. sin(w,t+120° + ¢)

Substitute (13) into (14), we can obtain:

Ug, =AU . ,sin(o,t+ )2+ AkU ,,,cos[(n—-1)

15
oyt —@ll4—-21kU , ,cos[(n+)at+@l/4 (19)
U, = AU ., sin(wyt + 9 —120°)/ 2+ AkU ,,, cos[(n —1) (16)
ot — @ +120°1/2 - AkU ,, cos[(n + L) w,t + ¢ —120°]/ 2
U, = AU . sin(w,t + ¢ +120°) [ 2+ AkU ., cos[(n —1) (17)

oyt — 9 —120°112 - AkU ., cos[(n + D) w,t + ¢ +120°]/ 4

From Equation (15)~(17) we can see that nt1 order harmonic current appears in the ac
current when dc voltage has n order harmonic fluctuations.
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5. Control Strategy

To restrain the harmonic and negative sequence currents which are the consequence of
harmonic and unbalanced grid voltage, a control strategy is proposed in this paper. The control
block diagram is shown in Figure 9, it contains two major sections, one is the positive sequence
control loop, the other is negative sequence control loop. The inputs of dual-loop control are the
current generated by SVG and the grid voltage. The current is divided into positive sequence
component and negative sequence component, which is fed into positive sequence control loop
and negative sequence control loop. The sum of output signal of positive and negative
sequence control loop can be used as voltage of impedance. The difference between grid
voltage and sum can be used as modulation signal [7-10].
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(a) The Control Block Diagram
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Figure 9. The Block Diagram of Dual-loop Control

The positive sequence control loop consists of two loops, PI0 and PI1; the negative
sequence control loop also consists of two loops, PI2 and PI3. PIO and PI2 are to control
reactive current. Their inputs are the difference between the reference reactive current and the
reactive current generated by SVG. Their outputs can be used as the reactor voltage generated
by reactive current. PI1 and PI3 are to control active current. Their outputs can be used as the
reactor voltage generated by active current. The input of PI1 is the same to dc voltage control
loop. The input of PI3 is the difference between the reference active current and the active
current generated by SVG. The outputs of positive sequence control loop are the fundamental
positive sequence voltage of reactance; the outputs of negative sequence control loop are the
fundamental negative sequence voltage of reactance [12].

6. Simulation Results
In order to verify the validity of the analyses, the simulation results based on the SVG
are shown in Figures as follows. The fully digital and dual-loop control strategy is used. Where

U4=800V, C=750uF, u, =311cowt, the connected reactor value of the compensator is 4.5mH,
the capacity of SVG is 20kvar.
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Figure 10. SVG Response to 10% Unbalanced Grid-Voltage

When the SVG responds to 10% unbalanced grid voltage before compensation, the
simulation result is shown in Figure 10(a). Due to the adoption of control strategy, the
fundamental negative sequence current of individual phase is lower than 0.5% after
compensation, the simulation result is shown in Figure 10(b). The dc voltage is still steady
around the set value and a 2 order harmonic component appears under the condition of

unbalanced voltage.
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Figure 11. SVG Response to 10% 5 Order Harmonic Grid-Voltage

When the SVG responds to 10% 5 order harmonic grid voltage before compensation,
the simulation result is shown in Figure 11(a). Due to the application of control strategy, the 5
order harmonic current are lower than 1% after compensation, the simulation result is shown in
Figure 11(b). The dc voltage is still steady around the given value 800V.
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Figure 12. SVG Response to 10% Unbalanced Grid-Voltage and 10% 5 Order Harmonic Grid-

Voltage
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When the SVG responds to 10% unbalanced and 10% 5 order harmonic grid voltage
before compensation, the simulation result is shown in Figure 12(a). Because of the dual-loop
control strategy, the fundamental negative sequence and 5 order harmonic current of individual
phase is lower than 1% after compensation, the simulation result is shown in Figure 12(b). The
dc voltage remains stable at the reference value 800V.

7. Conclusion

In this paper, detailed analyses and design considerations are carried out to look into
the influence of system voltage quality on SVG. The harmonic and negative components of grid
voltage will cause the fluctuation of SVG dc voltage and also result in harmful components of ac
current. A control strategy is proposed to suppress the influence of non-ideal grid voltage on the
ac current. All these analyses can guide the practical applications; a reliable compensator will
be designed. The simulation results verify the validity and feasibility of above analyses and
conclusions.
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