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Abstract

A switching-based SVPWM control method for three-phase active power filter is
proposed in this paper. First, error model of the switched system is established. And then,
according to the space voltage vector diagram and three-phase supply voltage
waveforms, the supply voltage is divided into six sectors. In each sector, a combination of
switching subsystem is set up according to the requirement of quadratic stability
condition. Finally, the common Lyapunov function is selected and therefore, the
subsystem is determined, which has minimum derivative of Lyapunov function and meets
the conditions above. The validity of the proposed control method is proved with
Matlab/Simulink and experimental results.

Keywords: Active power filter, quadratic stability, space voltage vector control, convex
combination, Lyapunov function, switched system

1. Introduction

With the rapid development of power electronics technology, more and more power
electronic equipment’s for industry and people's daily lives are coming out. At the same
time, power electronics produce serious harmonic pollution problems to the power grid.
As is well-known, the power system harmonic content is an important indicator of power
quality. In order to reduce the harmonic level of power system, a growing number of
scholars have made a study focusing on this [1]. The active power filter (APF) plays an
important role in harmonic compensation increasingly, and the associated control
algorithm is one of the core issues emerged in the harmonic compensation.

Linearization and unified modeling is the basic idea of investigating APF. In other
words, averaging of each switching mode in the time domain, the corresponding period
average mode is obtained [2-3].Dead-beat control [4], one-cycle control [5], the method
of current tracking control proposed in [6-7], and sliding mode variable structure methods
[8] were all based on period average model. However, APF is a typical nonlinear hybrid
dynamic system, so we can get nothing but the macro level performance of APF.
Meanwhile, nonlinear systems of APF can be divided into multiple linear dynamic
subsystems by on-off control. By the advantage of the switching control theory, Zongbo
Hu and Willem applied switched linear systems theory to the controllability and
reachability of dc-dc converters, and they made great progress [9-11]. The control
strategy of single phase APF as switched linear systems was proposed in [12]. In literature
[13] the switching model for APF was established and the equivalent discrete system
model was obtained, but the corresponding calculation process was very complicated.

So a method combined switching control method with space voltage vector control
algorithm was proposed in this paper. Three-phase power supply voltage is divided into 6
sectors. And then according to the Lyapunov function and the requirement of quadratic
stability condition, a switching rule is proposed to simplify the algorithm. Due to the
reasonable use of zero-vector, switching loss decreases significantly.
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2. Error Model of Active Power Filter Switched System
The error model of three-phase APF is illustrated in Figure 1.

N O psb > Nonlinear
load

Figure 1. Topological Structure of Three-Phase APF

APF is in parallel with the nonlinear load and supplies compensation currents to cancel
the harmonic current components from the source current ig; j=a,b,c). i ¢ (j=a,b,c) is the
harmonic current generated by the nonlinear load, namely the reference current. Through
switching the IGBTs, APF can generate compensation current ig(j=a,b,c) that tracks i*cj
(j=a,b,c) to make the source current nearly sinusoidal. L stands for the filter inductor, R
for the total equivalent resistance of the filter inductors. The voltage source of APF is
UDC-

Define switching coefficient:

(1 the positive switch is on and the negative

switch is off
S

‘ ‘0 the negative switch is on and the positive
| switch is off

The 8 switching modes of active power filter are shown in Table 1:

Table 1. Switching Modes of Three-Phase APF

Switching S, Sp S.

modes
1 0 0 0
11 0 0 1
il 0 1 0
IV 0 1 1
V 1 0 0
VI 1 0 1
VI 1 1 0
Vil 1 1 1

From Figure 1, according to Kirchhoff \oltage Law, it can be obtained that:
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di
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JubN = Ri, +L +U, @
| dt
| ) di_,
{ucN =Ri +L +U

dt

where Ugy, Upy and Ugy represent voltage drop between points a,b,c and neutral point N,
respectively.

In the case of symmetrical load, it holds:

Upy Uy +U =0 (2)
and
[uaN = uan +unN
JubN = I"Ibn_'_unN (3)
lucN :ucn +unN

Substituting (2-3) into (1), it follows that:

u :7£(sau +S. U +S U, ) (4)

N DC b~ DC
3

Substituting (3-4) into (2), it follows that:

( _ 28, -85, =S,
[Uan = 3 bc
|

28, -S, - S,
JlubN = 3 Upe (5)
| 2Scisaisb
[ucN = pC

3

Since the change rate of Upc is much less than that of APF output current, we consider
Upc as a constant. Then the state equation of the system is obtained:

[di_1 [ R 1 [ 2s,-5,-5§ U,
ca a b c a
A e 3L oe T
RN M1 | |
Qi 1| o R I, 288, -8 U, |
I dt } I L }I_“’l I 3L L } (6)
|di ‘ R LI:cJ | 25,-S,-8 U, |

cC | 0 0 __‘ _ a b DC+ [
Lac ] L L] I 3L L |

= AX+B i=1,2," .8

where x=[ica ie icc]' Stands for the state variable. Suppose that Xg=[Xs: Xg» Xa3]' is the
reference value of compensation current, which is also the switching equilibrium point.
Introduce a coordinate transformation Axyg =x-Xg. SO Axy =0 is the new switching
equilibrium point. Then the error model of the switched system is obtained:
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A x
[ R 1 [ 25, -5, -5, u, R 1
R A 3L pe LT
| | | |
R 25, -5 - U
-1 0 -— 0 |Ax+|— 2 2 : + 2 —x ! (7)
| DC d2|
I L I | 3L LL |
|O 0 R | | ZSC—SE—SD UC |
R _ e R
| Ll 3L L L
=AAX+b i=1,2," ,8

where AX=[Ali¢ Alg Aicc]T stands for state variable. We can see that system matrix A is
fixed and A <O for three- phase active power filter.

3. Quadratic Stability based Switching Control of the Three-Phase
Active Power Filter

The main result of this paper is as follows:
Theorem 1: If there exists a convex combination A=[4, ...A,]" for me[2,8], such that:

(m

£

ie

! (8)
}D +D, G <0

(D,A+DG)x,+D GB, =0

The state-switching control,
o(t)=arg minAx b 9)

makes the equilibrium solution ax, - o of (6) globally asymptotically stable.

Proof: Choose Lyapunov function
1 T
Vv (x)=;Ax A X (10)

The derivative of (10) can be obtained that,

. l . . l . .
v (x)=—(Ax )Ax+—Ax A X
2 2 (11)
=AX" (AAX+h) =AX AAX+AX b,
where A<O, thus 4x'A4x<0, me[2-8]. Because there exists a convex combination
A=[A1...An]" subject to b,=0, according to [14], min ax"b, < 0  then v (x)<o. The theorem
is proved.
Corollary 1: If there exists a convex combination A=[4; ...4,]" for me[2,8] such that
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{Zm: Ap=1

|

|2, 0) (12)
iD A+D, G <0

[(D,A+D, G)x +D 6B, =0

The state-switching control,
o (t) = arg min AxTcl (13)

makes the equilibrium solution Axy4=0 of (6) globally asymptotically stable, where:

(14)

1
|
|
U R (15)
]

dai, 25, -S,-S, dAi, 25, -5, -S
dt 3L dt 3L

(dai, U, dAi, U, dAi_ U

—+ —+ —-

c

dt L dt L dt L

For each subsystem, d is always the same. Thus it can be obtained that:
o (t) =arg min AXTb. =arg min AxTcl (16)
Corollary 1 is equivalent to theorem 1 with simplified calculation process.

4. Switching-based SVPWM Control
From (6) it can be obtained,

(17)
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Because the voltages of L and R are far less than the power supply voltage, they can be
ignored. (17) can be simplified as:

(18)

As the right hand side of (18) is the reference input of SVPWM, U, , U, and U, can be
regarded as the SVPWM reference input. Figure 2 shows the waveform of three-phase
power supply voltage, which is divided equally into 6 sectors.
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Figure 2. Waveform of Three-Phase Power Supply Voltage

In the interval [0°, 120°], U, is the minimum of the three-phase voltages. Let S.=0. In
the same way, S, =0 and S, =0 is set correspondingly in interval [120°, 240°] and [240°,
360°].

The voltage space vector graph constituted of U, Uy, and U, is shown in Figure 3.

(010) L10)

Loy
Figure 3. Voltage Space Vector Graph

Within interval [0°, 60°], namely sector 1, only two bridge legs S;~ S, and Sz~ S4 act
for Sc=0. The system can be treated as four switching linear subsystems I, Il, 11l and IV in
accordance with the evolution of S, Sp, S¢ and the switching modes of each subsystem is
listed in Table 1. For purpose of reducing the switching loss, two groups of switch
sequence are chosen, I, Ill, VIl and I, V, VII. Take the sequence I, V, VII for example.

When S,=0, S,=0, S;=0
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C
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L
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b

Ry (19)

d2

- |

[ 1
| ar |

oo |

b, = |
| |

|

C

c

R

n

R

n

U, R
Lo )
When S,=1, S,=0, S;:=0

I—7LU +U&75Xd1—:
| |
| |
| |
| |
| |

3L L L

(20)

LSL De T rxds J

1 U R

L

X
R
—X

- (21)

DC d2

3L L L
R

1
a1 |
|
|
|
|
R
3L DC L L d3 J

|
c

We find that A;+A,+As=1(%; €(0,1), i=1,2,3) is always true which can derive b,=0,
whose expanded form is:

[ (U, N [ 2 U, R \
A -— A | -—U -—
I 1L L LXd1J+ ZL 3L DC+ L Lxle
| (1 U, R )
| +13Lf3—LUDC+ . —rxle:O
J (22)
|A(U—b—Lx \+i (iu +U—b75x )
I 1LL L dZJ 2L3L DC L L dZJ
| (1 U, R
+ A —— U +t———x,, =0
{ L 3L L L J
We can obtain,
( 2(U_ -R U -R
P e L R CILL
| Upe
ﬂzz(uafRXm)*(Ubexdz) (23)

|
|
[ ’ U DC

satisfying the formula (8) and (12), the condition of theorem 1 and corollary 1,
respectively.

In the same way, three switching subsystems meeting the condition of theorem 1 and
corollary 1 can be obtained for all other sectors, shown in Table 2.
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Table 2. Switching Modes and Switching Functions of Three-Phase APF in
Each Sector

Interval Switching modes
0~60°
U>Up>Ue
Sector 1

60°~120°
Up>U>U,
Sector 2

120°~180°
Up>U>U,
Sector 3

180°~240°
U:>Up>U,
Sector 4

240°~300°

Uc>U>Up
Sector 5

300°~360°

I
U>U>Up vV
Sector 6 VI

By
S
S

P T E

mrRr Ol rooocoolcoco| roo| B,k olwn
coolocoo| roo| Rrro|lrro|rooln
Rroo|lrrolrro|lroolocoo| ocoo|wn

5. System Simulation and Experimental Verification

In order to verify the performance of the proposed control method,
Matlab/Simulink is used to simulate the system. The parameters of this simulation
system are given as follows, R=0.05Q, L=2mH, C=6800uF, System voltage is
380V/50Hz, the reference dc side voltage Upc =750V. In order to verify the
dynamic response performance, we adopt two three-phase uncontrolled rectifiers as
the nonlinear loads. DC loads are R=25Q, C=600uF and R=10Q, L=10mH,
respectively. When t=0.5s, we put the second uncontrolled rectifier into operation.

40 T T T T T T T T T

20

0

iLa/A

-20

-40
0.2 021 022 023 024 025 026 027 028 029 03
t/s

Figure 4. Nonlinear Load CurrentiLa

The harmonic component of load current is particularly high as shown in Figure 4. It is
obvious that there is a serious distortion of current and the THD is 24.31%.

Figure 5 shows the waveform of phase-A supply current after compensation. The near
sinusoidal supply current shows that most of the harmonic currents have been
compensated successfully. That is to say, the compensation current can track the change
of load current harmonic components. We can see from Figure 6 that the THD is only
1.28%.
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Figure 5. Supply Current is, after Compensation

i Fundamental (50Hz) = 23.29 , THD= 1.28%
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Figure 6. Spectrum Diagram of Supply Current is, after Compensation

Figure 7 shows the process that compensation current of APF tracks the change of load
current harmonic components.
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0.2 0.202 0.204 0.206 0.208 0.21 0.212 0214 0.216 0.218 0.22
tls

Figure 7. The Compensation Current ic; Tracking Command Current ic,*
Figure 8 shows the waveform of DC-side output voltage.

800 T T T T T

600 b

400 -~ b

uDC/vV

200 N

0 r r r r r
0 0.05 0.1 0.15 0.2 0.25 0.3

t/s

Figure 8. DC-side Output Voltage UDC

Figure 9 shows the Lyapunov function changing over time. We can see from the figure
that the system is stable at 0.02s.
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Figure 9. Lyapunov Function V(x)

The waveforms of the load current i, and the system current is, under saltation load

are shown in Figure 10 and Figure 11, respectively. We can see from the figures that in

the case of load changing, APF controlled by the method proposed in this paper has a
good harmonic compensation effect.
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Figure 10. Waveform of the Load Current i, Under Saltation Load
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Figure 11. Waveform of the System Current is, Under Saltation Load

The Driver signals for switches S,, Sy, S are shown in Figure 12. It’s shown that when
U, is the minimum, S.=0. It’s to say that only two bridge legs switch, while it requires
three bridge legs to switch [14]. So the number of switching needed in the control strategy
proposed in the present paper is less. Switching loss then decreases dramatically.
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Figure 12. Driver Signals for Switches
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For further verifying the validity of the proposed control strategy in this paper, an
experimental platform is set up. Type of IGBT is CM300dx of Mitsubishi. Type of DSP is
TMS320F28335 of Texas Instruments. Type of FPGA is EP3C10E144C8N of Altera.
Switching rules are realized by DSP. The main function of FPGA is protection of
hardware circuit, fault detection, control of A/D and so on. We adopt two three-phase
uncontrolled rectifiers as the nonlinear load. DC loads are R=25Q, L=10mH and R=25Q,
L=10mH, respectively. The circuit parameters of the experiment are the same with
simulation.

Figure 13 and Figure 14 show the main circuit and controller of APF.

Figure 14. The Controller of APF

The waveforms of A-phase load current i, compensation current i, and supply
current is, are shown in Figure 15.

Tk 4

‘ @ 200A 10.0ms 1.00M @ i
@ 5004 @ 200A #+v400.000us 100k 8.00A 279 2013)

Figure 15. The Waveforms of i g, ica and is,

Figure 16 shows the harmonic analysis of three- phase supply current. Due to the
limitation of hardware, the sampling period of experimental prototype is larger than the
sampling period of simulation. Therefore, the harmonic components of supply current
after compensation are not as low as the harmonic components of simulation. We can see
from Figure 16, the three-phase THD are 2.9%, 2.9%, 2.8%, respectively.
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Figure 16. Harmonic Analysis of Three-Phase Supply Current

Figure 17 shows the dynamic responses to load changing suddenly. After a short time
transient process, the APF can compensate harmonic current steady.

Tek
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Figure 17. Dynamic Responses to Abrupt Load Change

6. Conclusions

A switching-based SVPWM control method for three-phase active power filter is
proposed in this paper. Three-phase power supply voltage is divided into 6 sectors. And
then according to the Lyapunov function and the requirement of quadratic stability
condition, a switching rule is proposed to simplify the algorithm. Due to the reasonable
use of zero-vector, switching loss decreases significantly.
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