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Abstract—This paper presents the mathematical model and 
control strategy on DQ frame of shunt active power filter. The 
structure of the shunt active power filter is the voltage source inverter 
(VSI). The pulse width modulation (PWM) with PI controller is used 
in the paper. The concept of DQ frame to apply with the shunt active 
power filter is described. Moreover, the detail of the PI controller 
design for two current loops and one voltage loop are fully explained. 
The DQ axis with Fourier (DQF) method is applied to calculate the 
reference currents on DQ frame. The simulation results show that the 
control strategy and the design method presented in the paper can 
provide the good performance of the shunt active power filter. 
Moreover, the %THD of the source currents after compensation can 
follow the IEEE Std.519-1992. 
 

Keywords—shunt active power filter, mathematical model, DQ 
control strategy, DQ axis with Fourier, pulse width modulation 
control. 
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I. INTRODUCTION 
owadays, nonlinear loads are widely used in industries. 
These loads generate harmonics into the power system 

causing a lot of disadvantages [1]–[4]. Therefore, it is 
considerable to reduce or eliminate the harmonics in the 
system. The shunt active power filter (SAPF) is the tool to 
solve the harmonic problem because this filter provides higher 
efficiency and more flexible compared with a passive power 
filter [5]. There are three main parts to be considered for using 
the shunt active power filter as shown in Fig. 1. The first is the 
harmonic detection method to calculate the reference currents 
of the shunt active power filter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
There are many methods to calculate the reference currents 
such as the instantaneous power theory (PQ) [6], the 
synchronous reference frame (SRF) [7], the a-b-c reference 
frame [8], the synchronous detection (SD) [9] and the DQ axis 
with Fourier (DQF) [10]. In this paper, the DQF is selected for 
the harmonic detection because this method provide the fast 
calculation time in which it is suitable for the real time 
application. The second part is the structure of shunt active 
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power filter. The voltage source inverter (VSI) with six IGBTs 
is used for the shunt active power filter. The last one is the 
control technique and control strategy to control the 
compensating currents (icu, icv and icw). There are many 
techniques to control the compensating currents such as the 
hysteresis current control [11], the delta modulation control 
[12], the fuzzy logic control [13] and the pulse width 
modulation control [14]. The pulse width modulation (PWM) 
with PI controllers on DQ frame is used in this paper as shown 
in Fig. 1. Therefore, the details of PI controllers design with 
the PWM technique for the current and voltage loops on DQ 
frame are presented.  

The paper is structured as follows. The review of the DQF 
method is addressed in Section II. The mathematical model of 
shunt active power filter is fully presented in Section III. The 
designs of two current loop controllers and one voltage loop 
controller on DQ frame and control strategy are explained in 
Section IV and Section V, respectively. In Section VI, the 
simulation results and discussions are presented. Finally, 
Section VII concludes the work in the paper. 

II. REVIEW OF THE DQ AXIS WITH FOURIER (DQF) METHOD 
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Fig. 2 Flowchart of the DQF method 
 
The DQF algorithm is the excellent method to identify the 

harmonic in the power system. This method is a combination 
between the advantages of the synchronous reference frame 
method (SRF) [7] and the sliding window Fourier analysis 
(SWFA) [15]. The DQF method is firstly presented in 2007 by   
Sarawut Sujitjorn, Kongpol Areerak and Thanatchai 

Kulworawanichpong [10]. In 2007, the DQF method is 
operated with only the shunt active power filter to eliminate all 
harmonic components in the system. In 2008 [16], Kongpol 
Areerak extends the work in [10] to apply the DQF method 
operated with the hybrid power filter to eliminate some 
harmonic components depending on the engineering design. In 
this section, the detail of the DQF method to identify the 
harmonic current on the d-q axis in the system is presented. 
The flowchart of overall procedure to calculate the harmonic 

currents on   d-q axis ),( **
qhdh ii

 
using the DQF method is 

illustrated as shown in Fig. 2. The more details of the DQF 
method can be found in [10] and [16]. 

III.  THE MATHEMATICAL MODEL OF SHUNT ACTIVE POWER 

FILTER 
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Fig. 3 The equivalent circuit of shunt active power filter 

 
The circuit in Fig. 3 is the considered system used to derive 

the dynamic model of the shunt active power filter. On the AC 
side, the Kirchhoff’s voltage law (KVL) is used to determine 
the three-phase voltage (vun,vvn,vwn) at the PCC point as shown 
in (1)-(3). 

 

MnuMcuc
cu

cun vviR
dt

di
Lv +++=                  (1) 

MnvMcvc
cv

cvn vviR
dt

di
Lv +++=                             (2)                                                         

MnwMcwc
cw

cwn vviR
dt

di
Lv +++=              (3) 

 
The three-phase system in this work is the balanced three-

phase three-wire system. This is the assumption to derive the 
mathematical model in the paper. Therefore, the summation of 
the three-phase voltages at the PCC point and the three-phase 
compensating currents are equal to zero as given in (4) and 
(5), respectively. 

 

0=++ wnvnun vvv                                                        (4) 

 

0=++ cwcvcu iii                                            (5) 
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In the steady state condition, substituting the three-phase 
voltage from (1)-(3) into (4) gives the relation in (6) as 
follows: 

 

∑
=

−=
wvuk

kMMn vv
,,3

1
                                      (6) 

 
The relation of the input DC voltage (Vdc) and output three-

phase voltages of the inverter (vuM,vvM,vwM) is explained by (7). 
In this equation, k is equal to u, v and w for phase u, phase v 
and phase w, respectively. The ck in (7) is the switching 
function of the IGBTs. 

 

dckkM Vcv =                                                (7) 

  
Rearranging (1)-(3) using (6) and (7) obtains the differential 

equation of the three-phase compensating currents as shown by 
(8). 
 

dcnk
c

ck
c

c
kn

c

ck Vd
L

i
L

R
v

Ldt

di 11
−−=                 (8) 

 
where the switching state function (dnk) is explained by: 

 

)
3

1
(

,,
∑
=

−=
wvuk

kknk ccd                               (9) 

 
On the DC side of the circuit in Fig. 3, the differential 

equation of the DC bus voltage across the capacitor (Cdc) is 
shown in (10).  
 

ck
wvuk

nk
dc

ck
wvuk

k
dc

dc
dc

dc id
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==
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,,,,
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The dynamic model of the shunt active power filter on 

three-phase system in term of the state variable model can be 
written by (11). 
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In this paper, the DQ approach is used to describe the 

control strategy of the system. Therefore, the mathematical 
model on three-phase system in (11) can be transformed into 

the DQ frame using the transformation matrix by (12). The fu, 
fv, and fw are the current or voltage on three-phase system 
while the fd and fq are the current or voltage on DQ frame. The 
transformation matrix (K) in (12) is shown in (13). On the 
other hand, the DQ frame values can transform to the three-
phase values using (14). The θ in matrix K is the phase angle 
of the source voltage vector as shown in the vector diagram of 
Fig. 4. In the paper, we set the d-axis on the source voltage 
vector with the same phase angle. 
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Fig. 4 The vector diagram of the DQ frame  
 

From (11), the differential equation of the compensating 
current on three-phase frame can be transformed to the DQ 
frame using (12) and (14) as given in (15). Rearranging (15) 
obtains (16). 
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From (11), the differential equation of the DC bus voltage 

can be transformed to the DQ frame as shown in (17). 
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Rearranging (17) obtains (18). 
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From (16) and (18), the dynamic model of the shunt active 

power filter on DQ frame in term of the state variable model 
can be written by (19). 
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IV.  THE DESIGN OF CURRENT LOOP CONTROLLERS AND 

CONTROL STRATEGY 

In the paper, the PI controllers are used to control the 
compensating currents of the shunt active power filter for 
harmonic elimination in the system. The PI controllers design 
and the control strategy of current loop based on the dynamic 
model on DQ frame is presented in this section. From (19), the 
differential equations of the compensating current on DQ 
frame are explained by (20) and (21). 

 

dndcndcqccdc
cd

c vVdiLiR
dt

di
L +−=+ ω      (20) 

 

qndcnqcdccqc
cq

c vVdiLiR
dt

di
L +−−=+ ω      (21) 

 

The output voltages of the voltage source inverter 
represented as the shunt active power filter on DQ frame (vdl 
and vql ) are shown by (22) and (23). 
 

dcnddl Vdv =                                             (22) 

 

dcnqql Vdv =                                              (23) 

 
 Substituting vdl and vql to (20) and (21) gives the voltage at 
PCC point on DQ frame as shown by (24) and (25). 
 

dlcqc
cd

ccdcdn viL
dt

di
LiRv +−+= ω             (24) 

qlcdc
cq

ccqcqn viL
dt

di
LiRv +++= ω            (25) 

 
On the DQ frame, the voltage on d-axis and q-axis at PCC 

point are equal to V and 0, respectively.  

 

 dlcqc
cd

ccdc viL
dt

di
LiRV +−+= ω            (26) 

 

 qlcdc
cq

ccqc viL
dt

di
LiR +++= ω0                (27) 

 
From (26) and (27), the reference voltages of the shunt 

active power filter on DQ frame (*dlv , *
qlv ) are shown in (28) 

and (29).  
 

 VuiLv dcqcdl +−= ω*                          (28) 

 

 qcdcql uiLv −−= ω*                                  (29) 

 
The output signals of plant on d-axis and q-axis (ud, uq) are 

shown in (30) and (31), respectively.  
 

cdc
cd

cd iR
dt

di
Lu +=                                   (30) 
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cqc
cq

cq iR
dt

di
Lu +=                                    (31) 

   
From (28) and (29), the control strategy of the compensating 

currents of the shunt active power filter is depicted in Fig. 1. 
The plants to design the PI controllers for two current loops 
can derive from (30) and (31) by using Laplace transform as 
shown in (32). 
 

ccq

cq

d

cd

RsLU

I

U

I

+
==

1
                                (32) 

 
From Fig. 1, the transfer functions of the PI controllers on 

d-axis and q-axis can derive from (33) and (34), respectively. 
 

dtiKiKu dICdPCd ∫+= ~~
                               (33) 

 

dtiKiKu qICqPCq ∫+= ~~
                                  (34) 

 
From (33) and (34), the transfer functions of the PI 

controllers on DQ frame are shown in (35).  
 

( )
s

KsK

I

U

I

U ICPC

q

q

d

d +
== ~~                         (35) 

 
From (32) and (35), the block diagrams for the PI 

controllers design on DQ frame are depicted in Fig. 5.  
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Fig. 5 The block diagram to design the PI controllers on DQ frame 

for two current loops 
 

From the block diagram in Fig. 5, the closed-loop transfer 
functions on DQ frame are shown in (36). 
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 Equation (36) is used to compare with the standard second 
order characteristic equation as shown in (37).  
 

22

2

2
)(

nini

ni

ss
sG

ωξω
ω

++
=                            (37) 

 
 Comparing (36) with (37), the KPC and KIC of the PI 
controllers can be calculated from (38) and (39), respectively.  
 

ccniPC RLK −= ξω2                                 (38) 

 

cniIC LK 2ω=                                           (39) 

 

The damping ratio (ξ ) in (38) is defined to 0.707. The 

natural frequency ( niω ) equal to 5000π rad/s because of the 

harmonic order considered in the system is set to 50. The 
resistance (Rc) of the shunt active power filter is neglect while 
the inductance (Lc) is set to 39 mH from Table 1. Substituting 
all values in (38) and (39) gives KPC= 866 and KIC = 9.62×106. 

V. THE DESIGN OF VOLTAGE LOOP CONTROLLER    

The differential equation of the DC bus voltage and current 
in Fig. 3 on DQ frame are shown in (40) and (41), 
respectively.  
 

cq
dc

nq
cd

dc

nddc i
C

d
i

C

d

dt

dV
+=                             (40) 

   

dcdcdc V
dt

d
Ci =                                       (41) 

 

Substituting dci from (41) to (40) gives the relation in (42).  

 

cqnqcdnddc ididi +=                                  (42) 

 
The plant for design the PI controller of voltage loop can 

derive from (41) by using Laplace transform as shown in (43). 
 

sCI

V

dcdc

dc 1
=                                                (43) 

 
From Fig. 1., the output of the PI controller can be 

described by (44). Therefore, the transfer function of the PI 
controller for voltage loop is shown in (45). 
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dtvKvKi dcIVdcPVdv ∫+= ~~                            (44) 

 

( )
s

KsK

V

I IVPV

dc

dv +
=~                                       (45) 

 
 From Fig. 3, the AC side power is equal to the DC side 
power as shown in (46). The losses in capacitor, resistor and 
inductor are neglect as the condition of this equation.  
 

cqqncddndcdc iviviV +=                              (46) 

  
In the paper, the PWM technique is used to generate the 

switching signals. The power conserving convention of the DQ 
transformation is also used. Therefore, (46) can be rewritten as 
shown in (47). The m in this equation is the modulation index 
of the desired operating point.  
 

dvdcdcdc iV
m

iV
22

3
=                         (47) 

 
Taking Laplace transform in (47) gives (48). 

 

22

3m

I

I

dv

dc =                                           (48) 

 
From (43), (45) and (48), the block diagram using for the PI 

controller design of the DC bus voltage control is depicted in 
Fig. 6. 
 

*
dcV dcVdcV

~
dvI

− sCdc

1
+

dcI

22

3m( )
s

KsK IVPV +

 
Fig. 6 The block diagram to design the PI controller for 

voltage loop 
 

From the block diagram in Fig. 6, the closed-loop transfer 
function is shown in (49).  
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22
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Equation (49) is used to compare with the standard second 

order characteristic equation as shown in (37). From this 
comparison, the KPV and KIV of the PI controller can be 
calculated from (50) and (51), respectively. 
 

m

C
K dcnv

PV
3

24 ξω
=                                 (50) 

 

m

C
K dcnv

IV
3

22 2ω
=                                     (51) 

 
The capacitor value of the shunt active power filter is set to 

200 µF from Table 1. The damping ratio still be set to 0.707. 

The natural frequency of the voltage loop (nvω ) is set to 10π 

rad/s in this paper. The DC bus voltage command (*
dcV ) is set 

to 750 V. Therefore, the modulation index (m) is equal to 0.83. 
Substituting all values in (50) and (51) obtains KPV = 0.0175 
and KIV = 0.3884. 

VI.  SIMULATION RESULTS AND DISCUSSIONS 

The simulation results of the system in Fig. 1 with the 
system parameters from Table I are depicted in Fig. 7. In the 
paper, the average total harmonic distortion (%THDav) is used 
as the performance index for the harmonic mitigation. The 
%THDav can be calculated by (52). In Fig. 7, the source 
currents before compensation (iLu, iLv, iLw) are highly distorted 
waveform. From Table II, the %THDav of the source currents 
before compensation is equal to 24.42%. This value is 
extremely greater than the IEEE Std. 519-1992. When the 
shunt active power filter injects the compensating currents (icu, 
icv, icw), the source currents (isu, isv, isw) are nearly sinusoidal 
waveform. The %THDav of these currents after compensation 
is equal to 1.69% that is satisfied under IEEE Std. 519-1992. 

 

3

%

% ,,

2∑
== wvuk

k

av

THD

THD                     (52) 

 
 

TABLE I 
SYSTEM PARAMETERS 

Line voltage and frequency Vs=312 V(peak), fs=50 Hz 

Line impedance Ls=0.1 mH 

Three – phase diode rectifiers 
parameters 

LL,max=4 H, RL,max =130 Ω 
LL,min=2 H, RL,min =65 Ω 

Shunt active power filter parameters Lc=39 mH, Cdc=200µF 

Switching frequency fsw=5000 Hz 

Current loop controllers parameters KPC =866 , KIC =9.62×106 

Voltage loop controller parameters KPV =0.0175 , KIV =0.3884 
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Fig. 7 The simulation results 
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From Fig. 1, the load impedance of the three-phase bridge 

rectifier is changed at t = 0.4 – 0.8 s. Therefore, the amplitude 
of source currents at this period increases. The shunt active 
power filter can still compensate the harmonic current even 
though the load is varied. From Fig. 8, it confirms that the PI 
controllers of two current loops can control the compensating 
currents to track the reference currents (i*cu, i

*
cv, i

*
cw). In this 

paper, the reference currents can be calculated from the DQF 
method. Moreover, the DC bus voltage is still constant at 750 
V as shown in Fig. 7. For this reason, the PI controller of the 
voltage loop can regulate the DC bus voltage. 
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Fig. 8 The compensating and reference currents of the system 

VII.  CONCLUSION 

This paper presents how to derive the mathematical model 
of the shunt active power filter on DQ frame. The pulse width 
modulation (PWM) technique is applied to generate the 
switching signals of the shunt active power filter. The voltage 
source inverter (VSI) is used as the shunt active power filter. 
The PI controllers are applied to control the injection of the 
compensating currents and the DC bus voltage following on 
the command value. The design method of these controllers is 
completely presented in the paper. Moreover, the overall 
control strategy of the system on DQ frame is also presented. 
In the paper, the DQF method is used to calculate the reference 
currents of the shunt active power filter. The simulation results 

show that the control strategy and the design method presented 
in the paper can provide the good performance of the shunt 
active power filter. Furthermore, the %THD of the source 
currents after compensation can follow the IEEE Std.519-1992 
and these waveforms are nearly sinusoidal. 
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TABLE II 
%THD OF THE SOURCE CURRENTS BEFORE  

AND AFTER COMPENSATION 

phase 

%THD of the source currents 

%THD before 
compensation 

%THD after 
compensation 

u 24.42 1.67 

v 24.42 1.70 

w 24.42 1.71 

%THDav 24.42 1.69 
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