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Mathematical Model and Control Strategy on
DQ Frame for Shunt Active Power Filters
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Abstract—This paper presents the mathematical model and

control strategy on DQ frame of shunt active poditer. The
structure of the shunt active power filter is tludtage source inverter
(VSI). The pulse width modulation (PWM) with PI dowiler is used
in the paper. The concept of DQ frame to apply i shunt active
power filter is described. Moreover, the detailtbé PI controller
design for two current loops and one voltage lo@pfally explained.
The DQ axis with Fourier (DQF) method is appliedctdculate the
reference currents on DQ frame. The simulationltesthow that the
control strategy and the design method presentetiénpaper can
provide the good performance of the shunt activevepofilter.
Moreover, the %THD of the source currents after pensation can
follow the IEEE Std.519-1992.

I. INTRODUCTION
Nowadays, nonlinear loads are widely used in iniastr

These loads generate harmonics into the power msyste

causing a lot of disadvantages [1]-[4]. Therefoik,is

considerable to reduce or eliminate the harmonitsthie
system. The shunt active power filter (SAPF) is tbel to

solve the harmonic problem because this filter jotes higher
efficiency and more flexible compared with a passpower
filter [5]. There are three main parts to be coesed for using
the shunt active power filter as shown in Fig. e Tirst is the
harmonic detection method to calculate the referemerents
of the shunt active power filter.

Keywords—shunt active power filter, mathematical model, DQ

control strategy, DQ axis with Fourier, pulse widthodulation
control. )
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Fig. 1 Considered power system and control stre
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There are many methods to calculate the referencents
such as the instantaneous power theory (PQ) [6¢
synchronous reference frame (SRF) [7], the a-bfereace
frame [8], the synchronous detection (SD) [9] amel DQ axis
with Fourier (DQF) [10]. In this paper, the DQFsmslected for
the harmonic detection because this method prothidefast
calculation time in which it is suitable for theafetime
application. The second part is the structure ainsfactive

th
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power filter. The voltage source inverter (VSI) lwitix IGBTs
is used for the shunt active power filter. The lase is the
control technique and control strategy to contrdie t
compensating currentsiyf, i, and is). There are many
techniques to control the compensating current$ s the
hysteresis current control [11], the delta moduolatcontrol
[12], the fuzzy logic control [13] and the pulse diti
modulation control [14]. The pulse width modulatiPWM)
with PI controllers on DQ frame is used in this @aps shown
in Fig. 1. Therefore, the details of PI controlleissign with
the PWM technique for the current and voltage loopsDQ
frame are presented.

The paper is structured as follows. The reviewhef DQF
method is addressed in Section Il. The mathematicalel of
shunt active power filter is fully presented in e Ill. The
designs of two current loop controllers and ongag# loop
controller on DQ frame and control strategy arel@rgd in
Section IV and Section V, respectively. In Sectidh the
simulation results and discussions are presentédally;
Section VIl concludes the work in the paper.

Il. REVIEW OF THE DQ AXIS WITH FOURIER (DQF) METHOD

compute the currents on «-p axis using

variable 1 1 i
initialization Em} 21 3 _{L"}
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Fig. 2 Flowchart of the DQF method

The DQF algorithm is the excellent method to idgntine
harmonic in the power system. This method is a doation
between the advantages of the synchronous refereace
method (SRF) [7] and the sliding window Fourier Igsis
(SWFA) [15]. The DQF method is firstly presented2®07 by
Sarawut  Sujitjorn, Kongpol

Kulworawanichpong [10]. In 2007, the DQF method is
operated with only the shunt active power filteetoninate all
harmonic components in the system. In 2008 [16]ndfml
Areerak extends the work in [10] to apply the DQEtiod
operated with the hybrid power filter to eliminagme
harmonic components depending on the engineerisigmielin
this section, the detail of the DQF method to idgnthe
harmonic current on the d-gq axis in the systemresgnted.
The flowchart of overall procedure to calculate tte@monic

currents on  d-q axigiy,,ig,) Using the DQF method is

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

Ill.  THE MATHEMATICAL MODEL OFSHUNT ACTIVE POWER

FILTER
idc
—
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WM > un
i WA
—_ N PO -/ Vin
Vae K\Cdc ” |_> MN y Vece
Vo e b pp Vin
- ) ) -
VMn
DC SIDE AC SIDE

Fig. 3 The equivalent circuit of shunt active poyiker

The circuit in Fig. 3 is the considered system usederive
the dynamic model of the shunt active power fil@n the AC
side, the Kirchhoff's voltage law (KVL) is used tetermine
the three-phase voltage,(v,n,Vun) at the PCC point as shown
in (1)-(3).

Vun = Lc% + Rcicu + VuM + VMn (l)
di .

Vin = Lc d_(;v + Rclcv +Vom T Vi 2
di .

V= L dCtW +Rdw + Vew + Vin (3)

The three-phase system in this work is the balarloeb-
phase three-wire system. This is the assumptiaetive the
mathematical model in the paper. Therefore, thensation of
the three-phase voltages at the PCC point andchtee-phase
compensating currents are equal to zero as gived)irand
(5), respectively.

Vun + an + Ver = 0 (4)

I +1 0 (5)

CV+ICW:

Areerak and Thanatchai
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In the steady state condition, substituting theeghphase the DQ frame using the transformation matrix by)(Ihef,,
voltage from (1)-(3) into (4) gives the relation {6) as f,, andf, are the current or voltage on three-phase system
follows: while thefy andf, are the current or voltage on DQ frame. The

transformation matrixK) in (12) is shown in (13). On the

1 other hand, the DQ frame values can transform éotlinee-
Viin = 3 ZVkM (6) phase values using (14). THen matrixK is the phase angle
k=uvw of the source voltage vector as shown in the vetitgram of

) ) Fig. 4. In the paper, we set the d-axis on the @ouwpltage
The relation of the input DC voltag¥/{) and output three- yector with the same phase angle.

phase voltages of the inverten,vum, Vi) IS explained by (7).
In this equationk is equal tou, v andw for phase u, phase v f

and phase w, respectively. Thg in (7) is the switching f, u
function of the IGBTSs. ¢ = K- f, (12)
q
w
Vi = GVge 7
. . . . 2 2
Rearranging (1)-(3) using (6) and (7) obtains tiffeiéntial cosf)) cosP+—) cosfP-—)
equation of the three-phase compensating currergh@vn by K — \F 3 3 (13)
. . 2 . 2
®). 3 —sin@) —sm(&+§) —sm(H—?”)
di 1 . 1
—& = —Vin _&Ick __dnkvdc (8
dt L, L, L, f, ;
o o . f, =K. ‘ (14)
where the switching state functiod,) is explained by: fq
w
1
dy =(c, —= zck) 9
3 k=u,v,w
. R _ 7 pA
On the DC side of the circuit in Fig. 3, the di#etial w
equation of the DC bus voltage across the capa@q) is
shown in (10).
VY{)IH"L‘(.’
av,, 1 1 1 - ad
dc . . .
— = =——le=— D Clg=— D d iy (10
dt Cdc ¢ Cdc kzng ¢ Cdc #§,Wn ¢ ]
1
The dynamic model of the shunt active power filtar %
three-phase system in term of the state variabléeincan be
written by (11).
_& 0 0 _ dnu
. Lc Lc . v
ICLJ R: ng ICU un
dl iy 0 _f _T i, v, |(11) Fig. 4 The vector diagram of the DQ frame
— . - C C . + —
dt| i, 0 0 R G ia | Le| Vi From (11), the differential equation of the compading)
Vi L. L. | Vi 0 current on three-phase frame can be transformettietadDQ
G Gy G 0 frame using (12) and (14) as given in (15). Reagirap (15)
| Cee Ci Cy | obtains (16).

In this paper, the DQ approach is used to desdtfiee
control strategy of the system. Therefore, the eratitical
model on three-phase system in (11) can be transfibinto
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i
dik 7] i
[K ]|:ICC|:|_ 1 1 0 [Kfl] [Kfl] Cd i 1 0 . [Ki] dndvdc (15)
dt L L i) L|O 1 doVae

1 R 1
. — 0 - - . — 0
g ch _ LC . Vdn _ L @ . ch _ Lc . dndvdc (16)
dt icq 0 i an ) & iCq 0 i d qV
Lc Lc Lc

From (11), the differential equation of the DC budtage The output voltages of the voltage source inverter

can be transformed to the DQ frame as shown in (17) represented as the shunt active power filter onfid@e g
andyvy ) are shown by (22) and (23).
av,, 1 1ar| Gog P
ar C. [K™] d, ([K ][ch Icq]) an Vo = GV (22)
= 23
Rearranging (17) obtains (18). Vo = AngVee (23)
dv d Substitutingvy andvy to (20) and (21) gives the voltage at
“Vde _ O e PCC point on DQ frame as shown by (24) and (25).
cd Icq (18)
dt Cdc dnq
dig
i P Rclcd (d—clcq + le (24)
From (16) and (18), the dynamic model of the stagative ¢ dt
power filter on DQ frame in term of the state vakeamodel di
can be written by (19). =Rt L dcq +abl o +Vy (25)
_ 4]
—% 0] —L—”d ) On the DQ frame, the voltage on d-axis and g-akiB@C
icq ¢ o [ Vyr O oint are equal to/| and 0, respectively.
A7, R[] 1] g ° aual | PeeTvEy
w |=| —@ g | Von
dt V, L L V, L 00 dl
e I O V|=Rig + dt — @l g+ Vy (26)
L Cdc Cdc i
IV. THE DESIGN OFCURRENTLOOPCONTROLLERS AND 0=Rj,, +L, di leq ol +V 27)
CONTROL STRATEGY a dt

In the paper, the PI controllers are used to corttie
compensating currents of the shunt active poweerfifor From (26) and (27), the reference voltages of thens
harmonic elimination in the system. The PI conedldesign active power filter on DQ frame\/f1I ,V;|) are shown in (28)
and the control strategy of current loop basedhendynamic ;.4 (29).
model on DQ frame is presented in this sectionn¢b9), the
differential equations of the compensating current DQ « .
frame are explained by (20) and (21). Va = “Ua M (28)

vV, =—al i, —u 29
L. d(;ctd +Riog = L Joq = paVye + Vo (20) q' ced T 29
The output signals of plant on d-axis and g-axis ;) are
di shown in (30) and (31), respectively.
Cl
L, dtq + Rl =l oy —d Vg +Vy, (21) y
=L, log +Ri deg (30)
t dt
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dig, _
Uq = LCE + Rclcq (32)

From (28) and (29), the control strategy of the pensating
currents of the shunt active power filter is degictn Fig. 1.
The plants to design the PI controllers for tworent loops
can derive from (30) and (31) by using Laplace ¢farm as
shown in (32).

oo _ 1eq 1
Ud

U, Ls+R

From Fig. 1, the transfer functions of the PI colrs on
d-axis and g-axis can derive from (33) and (34peetively.

Uy = KPCE + chjEdt

U, = KPCE + K,CIqut

(32)

(33)

(34)

s Kic
ICd — ICq — KPC KPC (36)

o 1o Lo sz+(F%+LKpc)s+|ilc

C C

Equation (36) is used to compare with the standeabnd
order characteristic equation as shown in (37).

2
a)ni

s +2(w, S+ o,

G(s) = (37)

Comparing (36) with (37), th&pc and K,c of the PI
controllers can be calculated from (38) and (3&3pectively.

KPC = 2ga)nil‘c - R: (38)
Kic = a)rzn L. (39)

From (33) and (34), the transfer functions of the P The damping ratio ) in (38) is defined to 0.707. The

controllers on DQ frame are shown in (35).

E_dzﬁz (KPCS+ ch)
le 1y S

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

controllers design on DQ frame are depicted in 5ig.

1" ah Ly (KPCS+KIC) U o 1 ch‘

+ s

d Ls+R,

Plant

PI controller

(a) Current loop of d-axis

! (KPCS+ ch) Y 1 )
+ S Lcs + Rc

Y

PI controller Plant

(b) Current loop of g-axis

Fig. 5 The block diagram to design the Pl contrslien DQ frame
for two current loops

From the block diagram in Fig. 5, the closed-loomsfer
functions on DQ frame are shown in (36).

natural frequency @,;) equal to 5000 rad/s because of the
harmonic order considered in the system is setQo The

(35) resistanceR;) of the shunt active power filter is neglect while

the inductancel() is set to 39 mH from Table 1. Substituting
all values in (38) and (39) givésc= 866 andKc = 9.62x16.

V.THE DESIGN OFVOLTAGE LOOPCONTROLLER
The differential equation of the DC bus voltage andent

in Fig. 3 on DQ frame are shown in (40) and (41),

respectively.
d
oo _ Doy 4 T, (40)
dt  C, Cac
. d
i,.=C,,—V 41
dc dc dt dc ( )

Substitutingi ;. from (41) to (40) gives the relation in (42).

idc = dndicd + dnqicq (42)

The plant for design the PI controller of voltagep can
derive from (41) by using Laplace transform as shaw(43).

Ve 1 .

I dc C:dcS

From Fig. 1., the output of the PI controller cap b
described by (44). Therefore, the transfer functdrthe PI
controller for voltage loop is shown in (45).
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gy = Kpy Ve + Ky Jvdcdt (44)

|4 _ (KPVS+ K|v)

v AevST By (45)

V. S

From Fig. 3, the AC side power is equal to the EiGe
power as shown in (46). The losses in capacit@iste and
inductor are neglect as the condition of this eiguat

Vdc,jdc :Vdnicd +Vqrjcq (46)
In the paper, the PWM technique is used to gendtate

switching signals. The power conserving conventibthe DQ
transformation is also used. Therefore, (46) carebeitten as

shown in (47). Then in this equation is the modulation index

of the desired operating point.

J3m

Vi, =——=V,i 47
addc 2 adav 47)

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

I, +/3m
_dec _ V¥ 48
L, 242 (49)

From (43), (45) and (48), the block diagram usimgthe Pl
controller design of the DC bus voltage controtlépicted in
Fig. 6.

<1

VJ — d (KPVS+ K\v) lav | \/§m Idc‘ 1 Ve
"t ; 2/2 G

PI controller Plant

Fig. 6 The block diagram to design the Pl contrdte
voltage loop

From the block diagram in Fig. 6, the closed-loogmsfer
function is shown in (49).

V,, +3m 1

Vd:: - 2\/5 Cdc SZ+(

KPVS+ KlV
\/§m KF'V S+ \/ém KIV
2\/5 Cdc 2\/5 Cdc

Equation (49) is used to compare with the standaxbnd
order characteristic equation as shown in (37).nFrhis
comparison, theKp, and K, of the PI controller can be
calculated from (50) and (51), respectively.

(49)

« _Nxe,Co (50)
PV \/ém
2202 C

K|v = AN EOn e (51)

V3m

The capacitor value of the shunt active powerrfiteset to
200 pF from Table 1. The damping ratio still be tee®.707.

The natural frequency of the voltage loop,(,) is set to 18

rad/s in this paper. The DC bus voltage commé/ﬁx is set

to 750 V. Therefore, the modulation indew) (s equal to 0.83.
Substituting all values in (50) and (51) obtalts, = 0.0175
andK, = 0.3884.

VI. SIMULATION RESULTS ANDDISCUSSIONS

The simulation results of the system in Fig. 1 witie
system parameters from Table | are depicted in Fidn the
paper, the average total harmonic distortiTHD,,) is used
as the performance index for the harmonic mitigati®he

%THD,, can be calculated by (52). In Fig. 7, the source

currents before compensatidp,(i., iLw) are highly distorted
waveform. From Table Il, thé6THD,, of the source currents
before compensation is equal to 24.42%. This vakie
extremely greater than the IEEE Std. 519-1992. Witien
shunt active power filter injects the compensatngents i,
icw cw), the source currentsg isy isy) are nearly sinusoidal

waveform. TheTHD,, of these currents after compensation

is equal to 1.69% that is satisfied under IEEE 51@-1992.

D %THD;

k=u,v,w

3

%THD,, = (52)

TABLE |
SYSTEM PARAMETERS

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

Line impedance Ls=0.1 mH

Three — phase diode rectifiers
parameters

|—L,ma><:4 H, RL,max:]-?’og
I—L,mm:2 H, RL,min =65Q

Shunt active power filter parameters| L.=39 mH, Gc=200uF

Switching frequency fsw=5000 Hz

Current loop controllers parameters | Kpc =866, Kic =9.62x1(P

Kpy =0.0175, Ky =0.3884

Voltage loop controller parameters
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Fig. 7 The simulation results
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TABLE Il
%THD OF THE SOURCECURRENTSBEFORE
AND AFTER COMPENSATION

%THD of the source currents

hase
P %THD before %THD after
compensation compensation
u 24.42 1.67
\% 24.42 1.70
w 24.42 1.71
%THDay 24.42 1.69

From Fig. 1, the load impedance of the three-phmeisige

rectifier is changed dt= 0.4 — 0.8 s. Therefore, the amplitudézl

of source currents at this period increases. Thmtshctive
power filter can still compensate the harmonic entreven
though the load is varied. From Fig. 8, it confirthat the PI
controllers of two current loops can control thenpensating
currents to track the reference currerits, (i cy, i cw). In this
paper, the reference currents can be calculated fhe DQF
method. Moreover, the DC bus voltage is still canstat 750
V as shown in Fig. 7. For this reason, the Pl ailer of the
voltage loop can regulate the DC bus voltage.

'cu&‘cu

4
2
o
2

-4
1.

L L L L L L L L L
18 1182 1184 1186 1188 1.19 1192 1194 1196 1198 12

4
2
& O, gy
G
2
-4
1

L L L L L L L L L
18 1.182 1.184 1.186 1.188 119 1.192 1.194 1.196 1.198 12

few&icw

. . . . . . . . .
118 1.182 1.184 1.186 1.188 119 1192 1.194 1.196 1.198 12
time (sec)

Fig. 8 The compensating and reference currentseogystem

VII. CONCLUSION

This paper presents how to derive the mathematicalel
of the shunt active power filter on DQ frame. Thesp width
modulation (PWM) technique is applied to generdte t
switching signals of the shunt active power filt€he voltage
source inverter (VSI) is used as the shunt actiweep filter.
The PI controllers are applied to control the itif@t of the
compensating currents and the DC bus voltage faligven
the command value. The design method of these ataTs is
completely presented in the paper. Moreover, theral
control strategy of the system on DQ frame is @isEsented.
In the paper, the DQF method is used to calcutetedference
currents of the shunt active power filter. The dation results

show that the control strategy and the design noeginesented
in the paper can provide the good performance efstunt
active power filter. Furthermore, the %THD of theusce
currents after compensation can follow the IEEEt8-1992
and these waveforms are nearly sinusoidal.
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