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Welcome
Welcome to the Australasian Universities Power Engineering Conference (AUPEC)

2004.  The theme of this year’s conference is “Challenges and Opportunities in the

Deregulated Power Industry”.  During the last year, power industries around the

world have seen a number of major blackouts.  This has emphasized the importance

of security in  complex and interconnected power systems.  New techniques and

solutions are required to manage and operate the deregulated electricity industry

in  a  market  environment.  This  conference  represents  the  perfect  forum  for

presenting  the  strategies  developed  by  industry  and  academia  to  meet  these

challenges.
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Abstract 
 
In this paper, a new approach to evaluate the operation of a shunt Active Power Filter (APF) is 
presented. The filter consists of a three-phase current-controlled voltage source inverter (CC-VSI) 
with a filter inductance at the ac output and a dc-bus capacitor.  The CC-VSI is operated to 
directly control the ac line current to be sinusoidal and in phase with the grid voltage. The 
compensation is successful if the current and voltage controller operates within the stable and 
controllable area. The area boundaries are established from current control loop equations and 
voltage control loop transfer function. The simulation results indicate that the new approach is 
simple for analyzing the stability and controllability of the system for various loads and system 
parameters. 
 
 

 
1. INTRODUCTION 
 
Non-linear loads, especially power electronic loads, 
create harmonic currents and voltages in power 
systems. In many cases, non-linear loads consist of 
combinations of harmonic voltage sources and 
harmonic current sources, and may contain significant 
load unbalance (ex. single phase loads on a three 
phase system).  
 
For many years, various active power filters (APF) 
have been developed to suppress harmonic currents, 
as well as compensate for reactive power, so that the 
source/grid will supply sinusoidal voltage and current 
with unity power factor [1, 2]. With mixed non-linear 
loads, it has been shown that a combined system of a 
three-phase line-current-forcing shunt APF with a 
series reactor installed at the Point of Common 
Coupling (PCC) is effective in compensating 
harmonic current sources, as well as harmonic voltage 
sources [3]. The filter is able to handle the load 
unbalanced as well. Figure 1 shows the filter 
configuration. 
 
The filter consists of two control loops, namely an 
inner control loop and an outer control loop. The inner 
control loop is a ramptime current control that shapes 
the grid currents to be sinusoidal, while the outer 
control loop is a simple PI control to keep the dc bus 
voltage constant and to provide the magnitude of 
reference current signals. 
 
The active power filter is able to successfully 
compensate the harmonics as well as the unbalance of 
the non-linear loads, if the two loops are controlled in 
a stable and controllable region. The region has 
boundaries/limits that are established from the inner 

loop equations and the outer loop transfer function. 
The stability and controllability of the system can be 
evaluated by checking whether the two loops are 
working within the boundaries. This new approach is 
simple in analysing the stability and controllability of 
the system for various loads and system parameters. 
 

 
Figure 1 Active Power Filter configuration 

 
2. A THREE-PHASE SHUNT ACTIVE 

POWER FILTER 
 
The three-phase shunt active power filter is a three-
phase four-wire current-controlled voltage-source 
inverter (CC-VSI) with a mid-point earthed, split 
capacitor in the dc bus and inductors in the ac output.  
 
In Figure 1, the CC-VSI is operated to directly control 
the ac line/grid current to be sinusoidal and in phase 
with the source voltage. In this scheme, the grid 
current is sensed and directly controlled to follow 
symmetrical sinusoidal reference signals. Hence, by 
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putting the current sensors on the grid side, the grid 
current is forced to behave as a sinusoidal current 
source and as a high-impedance circuit for the 
harmonics. By this principle of forcing the grid 
current to be sinusoidal, the APF automatically 
provides the harmonic, reactive, negative and zero 
sequence currents for the load, because 
 

igrid = iAPF + iloads (1) 
 
The sinusoidal line current reference signal is given 
by: 

iref = k  vgrid-1    (2) 
 
where vgrid-1 is the fundamental component of the grid 
voltage, and k is obtained from an outer control loop 
regulating the CC-VSI dc-bus voltage. This can be 
accomplished by a simple PI control loop. This is an 
effective way of determining the required magnitude 
of active current required, since any mismatch 
between the required load active current and that 
being forced by the CC-VSI would result in the 
necessary corrections to regulate the dc-bus voltage.  
 
Another important component of this system is the 
small-added series inductance LL. Without this 
inductance, load harmonic voltage sources would 
produce harmonic currents through the line 
impedance, which could not be compensated by a 
shunt APF. Currents from the APF do not 
significantly change the harmonic voltage at the loads. 
The series inductance LL provides the required voltage 
decoupling between load harmonic voltage sources 
and the PCC. Assuming that grid voltage is balanced 
and sinusoidal, the equivalent circuit, from the low 
order harmonic point of view, is shown in Figure 2. 
 

 
Figure 2 Equivalent circuit for low order harmonics 

 
3. CURRENT CONTROL LOOP 
 
The performance and effectiveness of the filter are 
enhanced by the use of the ramptime current control 
technique to control the CC-VSI [4]. The principle 
operation of ramptime current control is based on 
ZACE (zero average current error). The current error 
signal is the difference between the actual current and 
the reference signal. This error signal is forced to have 
an average value equal to zero with a constant 
switching frequency. Ramptime current control 

maintains the area of positive current error signal 
excursions equal to the area of negative current error 
signal excursions, resulting in the average value of the 
current error signal being zero over a switching 
period. The switching period (or frequency) is also 
kept constant based on the choice of switching 
instants relative to the zero crossing times of the 
current error signal. 
 
In order to evaluate the current control to maintain the 
switching operation, the single-phase equivalent 
circuit as shown in Figure 3 is examined. 
 

 
Figure 3 Current-control circuit equivalent 

 
The output current of the inverter through Linv is 
 

inv

C

inv

PCCAPF

L
vs

L
v

dt
di

2
)12( −+−=  (3) 

 
where s = 1 if the upper switch is closed, and s = 0 if 
the upper switch is open. The switches are operated 
on a complementary basis. The inverter can always 
generate currents and the current control loop is stable 
as long as vC/2 > VPCC-pk. In this case, LL is considered 
as a part of the loads. 
 
The ramptime current control has characteristics 
similar to a sliding mode control. Therefore, the 
current error signal, ε as a controlled parameter can be 
defined as a sliding surface [5].  
 

ε = igrid - iref (4) 
 
To assure that the system can remain on the sliding 
surface and maintain perfect tracking, the following 
condition must be satisfied: 
 

0≤εε &  (5) 
 
where ε&  is: 
 

dt
di

dt
di

dt
di

dt
d refAPFloads −+=
ε  (6) 

 
A positive value of the error signal (ε) produces a 
negative derivative of the error signal, and a negative 



value of ε produces a positive derivative of ε. In both 
cases, full controllability is achieved when: 
 

dt
di

dt
di

dt
di APFrefloads <+  (7) 

 
3.1 The Boundaries of Controllability 
 
The right side of (7) represents the boundaries or 
limits of controllability, which are determined by the 
switch position s (1 or 0), vPCC, vC and Linv (equation 
3) and expressed in Figure 4 for VPCC-rms = 1pu, VC-dc = 
3.3333 pu, Xinv = 1%, f = 50Hz with s = 1 (upper 
curve) and s = 0 (lower curve). So from (7), the 
current control will force the grid currents to track the 
reference signals perfectly, if the di/dt of the loads 
(assuming diref/dt is negligible) is between the upper 
and lower curves of the boundaries. 
 

 
Figure 4 The boundaries of controllability 

 
The lowest value of the upper curve has the same 
magnitude as the highest value of the lower curve. If 
this limiting magnitude is considered, the relationship 
between vC and vPCC for Xinv = 1% (0.01pu) and 
system frequency = 1Hz (= 1pu) to create the 
boundaries of di/dt (per-unit value – A(pu)/sec) can be 
depicted in Table 1 and Figure 5. The reactance Xinv is 
used rather than inductance Linv because the per-unit 
reactance is a relative value that can be compared 
across different voltage and power levels or line 
frequencies. Therefore, the frequency is also 
expressed in per-unit value to provide the correct per-
unit di/dt. For 50Hz, 60Hz or 400Hz system, the chart 
will be obtained by multiplying the value in table 1 
with 50, 60 or 400. From the figure, it can be seen that 
the higher the VC and the lower the VPCC, the more 
margin is available for diload/dt. 
 
For Xinv other than 1%, the chart will be inversely 
proportional to the Xinv value. Figure 6 shows the 
boundaries of controllability for different values of 
Xinv (f = 1pu, VPCC-rms = 1pu, and VC-dc = 3.3333pu). 

Table 1 The boundaries of controllability in 
A(pu)/sec with  Xinv = 1%, f = 1Hz 

Vc-pu Vpcc-rms-pu 
 0.9 0.95 1 1.05 1.1 

3.1250 182.042 137.612 93.176 48.753 4.323

3.2292 214.778 170.349 125.913 81.489 37.059

3.3333 247.390 202.960 158.530 114.100 69.670

3.4375 280.220 235.790 191.354 146.931 102.501

3.5417 312.956 268.526 224.090 179.667 135.237
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0.000
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Figure 5 The boundaries of controllability in 
A(pu)/sec with Xinv = 1%, f = 1pu 
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Figure 6 The boundaries of controllability in 
A(pu)/sec for various Xinv 

 
 
3.2 The Effects of vC and vPCC Ripples  
 
vC contains low order frequency ripples. The ripples 
represent the active alternating power for each cycle 
of operation and the active power demand during 
transient periods. Generally, the size of the dc-bus 
capacitor is sufficient large to minimize the ripple. As 
long as vC/2 > VPCC-pk, the system is stable and 
controllability can be achieved. Hence, although vC 
contains ripple, it just has to be sufficiently large so as 
to outweigh the fluctuation of vPCC and small 
perturbations. 
 
Ripples in the vPCC exist due to switching actions. To 
analyse the high-frequency ripple in vPCC, consider the 



portion of the circuit diagram in Figure 1 around the 
PCC (Figure 7): 

 
Figure 7  vPCC ripple circuit 
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vh_inv = +vC/2 for s = 1 and –vC/2 for s = 0 
 
From (12), the waveform of vPCC can be shown in 
Figure 8a. It is obvious that the ripple reduces the 
boundaries of controllability, because the value of 
vPCC increases. A small high pass filter (with low 
losses) should be installed to eliminate the grid 
current ripple. By doing this, the ripple in vPCC will be 
greatly attenuated (Figure 8b). 
 

(a) 

 

(b) 

 
Figure 8  vPCC (a) with the switching ripple;  

(b) the switching ripple is attenuated 

4. VOLTAGE CONTROL LOOP 
 
The outer voltage control loop employs a PI controller 
to adjust the gain k of the reference currents in order 
to maintain the desired dc bus voltage. The outer loop 
block diagram using an average model and 
considering a perfect tracking current control loop is 
shown in Figure 9. To obtain a smooth gain k for the 
dc link voltage regulator, a first order low pass filter is 
added to the feedback loop. The low pass filter creates 
a time delay TLPF, which is related to the cut-off 
frequency of the filter. 

 
Figure 9 Outer loop block diagram 

 
From the block diagram, the stability of the system 
can be evaluated through the input-output transfer 
function. The transfer function is observed primarily 
due to the dynamic changing of the loads. In this case, 
losses in the converter and energy stored in Linv are 
neglected. 
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where, Kf: gain of voltage sensor, and 
KC: gain of the power converter due to 
energy balance between ac side and dc side. 

 
The characteristic equation of this closed-loop transfer 
function must satisfy the following equation for stable 
operation [6].  
 

0)2)(( 22 =+++ nnn sss ωζωαζω  (15) 
where α > 0, ζ (damping) > 0 and ωn > 0 
 
If characteristic equation (14) is equated to equation 
(15), the value of the proportional gain, KP and the 
integral time constant, Ti of the PI controller can be 
obtained. 
 

fC

LPFn
P KK

TCK )21( 22 αζω +
=  (16) 

LPFn

fC
i CT

KK
T 3αζω
=  (17) 



The values of KP and Ti for various α (0.01 – 75) and ζ 
(damping: 0.5 – 1) are shown in the Figure 10 and 11. 
TLPF is chosen based on a filter cut-off frequency of 
40Hz. 
 
 
5.  CASE STUDY A THREE-PHASE 

SHUNT ACTIVE POWER FILTER 
WITH MIXED LOADS 

 
Using the stability requirement and controllability 
boundaries as mentioned above, the parameters for the 
three-phase active power filter are set up to handle a 
mixed load. The system in Figure 1 is tested using 
computer simulation to verify the concepts discussed 
in the previous sections. VPCC-rms = 1pu, VC = 
3.3333pu, LL = 0.8%, and Ibase = 10A 
 
The three-phase current waveforms of the mixed loads 
and their di/dt are shown in Figure 12. The loads 
consist of a three-phase inductive (linear) load, single-
phase diode rectifiers with RC load connected in 
phase A and C, and a three-phase diode rectifier with 
RL load. Each phase-current is compared individually 
to the boundaries of controllability according to (7). 
The phase-A load current is chosen for presentation as 
it has the highest rate of change. For the first case, Xinv 
= 1.96% is chosen based on a comparison between the 
maximum di/dt value of the loads in Figure 12 and the 
boundaries of controllability in Figure 6 (with f = 
 

Figure 10  KP versus damping for varying α 
 

Figure 11  Ti versus damping for varying α 
 

50Hz). As a result, full controllability is obtained 
(Figure 13) and the active power filter can 
compensate the reactive and harmonic currents 
successfully (Figure 14).  
 

 

 
Figure 12 (a) Load currents and (b) their di/dt 

 

 
Figure 13 The di/dt of the load (phase A) is inside 

the boundaries 

 

 
Figure 14 The grid currents after successful 

compensation 



Alternatively, if Xinv is increased to 8.04%, the di/dt 
signals of the load exceed the boundary envelopes at 
the spot indicated (Figure 15). At that moment, the 
controllability of the current controller is lost since the 
current error signal moves away from zero. However, 
as soon as the di/dt of the loads is returned to the 
inside of the envelope, controllability is recovered, 
and the APF is able to force the grid current to return 
to the reference value. Overall, the active power filter 
fails to compensate the reactive and harmonic currents 
completely and the grid currents are distorted (Figure 
16). 
 

 
Figure 15 The di/dt of the load (phase A) exceeds the 

boundaries 
 

 
Figure 16 The grid currents due to momentary 

unsuccessful compensation 
 

 
Figure 17 Dynamic condition of DC bus voltage 

For the voltage control loop, according to equation 
(16) and (17), and Figures 10 and 11, Kp and Ti are 
selected for a specific α and ζ to obtain the optimum 
dynamic response. Ti must be chosen such that the 
speed response of the voltage control loop is 
sufficiently slower than the current control loop. 
Hence, both loops are decoupled. Figure 17 shows the 
simulation results of the dynamic condition of the dc-
bus voltage for KP = 10 and Ti = 0.0058. It can be seen 
that the dc-capacitor voltage is increased when the 
load is decreased. Once the transient interval is 
finished, the dc-bus voltage is recovered and remains 
at the reference voltage.  
 
6. CONCLUSION 
 
It is important to assure that APF operates 
successfully by checking the stability and 
controllability of the current control and voltage 
control loop of APF. The stability requirement for the 
current control loop is to ensure vC is much greater 
than vPCC. However, to maintain perfect tracking of 
the reference signals, the di/dt of the loads has to be 
inside of boundaries of controllability, which are 
established by the APF components. At the same 
time, the voltage control loop must be regulated so 
that its poles are located on the left side of the s-plane. 
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