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Abstract:   In this paper the basis of analytical modelling 
of the UPQC arrangements (Unified Power Quality Condi-
tioner) in d-q rotating coordinates, as well as select results of 
investigations conducted on the simplified small power labora-
tory model were talked over. In short form power balance as 
well as fundamental dependences and analytic model with re-
gard of decoupling circuits were investigated. Applied method 
for DC link capacity selection was talked over in detail and 
additionally confirmed with experimental results. Results of 
simulation and experimental investigations, including opera-
tion of the UPQC arrangement in case of burden of the supply 
with thyristor rectifier were also introduced. 
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1. INTRODUCTION

From many years improvement of quality of deliv-
ery and receipt of electric energy, is one of  the most 
important areas of application of power electronics ar-
rangements. In this area active power filters (APF) [2, 
10,16,25,31,42] occupy significant position. Beginning 
of them dates year 1976, when appeared many times 
mentioned [1]. From this moment, literature in this topic 
is constantly complemented with new positions. 

Particularly, increase in number and quality of the 
papers related to the APF arrangements is possible to 
observe in last decade of the 20th century. In this pe-
riod, numerous theoretical studies and application pro-
posals appeared, e.g. [3,5,6,8,9,11,15,19,24]. Also ap-
peared conception described in [4] and another works 

related to the series-parallel active power filters (S-
PAPF) [7,12,13,14,18,21,22,23]. Such arrangements, 
called also "Unified Power Quality Conditioners” 
(UPQC) [17], still are subject of the intensive practical 
investigations and significant scientific publications 
[27,32,33,36,40]. One can connect this with functional 
possibilities of them, as well as with development of 
methods and control algorithms [20,26,28,29,35,37,38, 
40,41,42,44]. It should be expected, that in short time 
UPQC arrangements will find more and more wide, also 
residential applications [39]. 

In the following paper there is presented, created 
with minimum number of simplifying assumptions, 
UPQC’s full model in d-q rotating coordinates. This 
model makes also possible the double “decoupling” of 
the state-spaces for both passive LC filters, those in par-
allel as well as in series arrangement. It permits to en-
tirely independent control in relation to p and q coordi-
nates. The double decoupling usually is not proposed 
and from introduced in [37] differs because of: i) differ-
ent character of the parallel and series arrangements act-
ing as adding sources; ii) possible simpler realization. 

Proposed model is useful in stability investigations, 
selection of the regulators’ parameters as well as values 
of the passive elements. On this basis, with omission of 
influence of the fast dynamic processes in LC circuits of 
the adding sources, method for analytic determination of 
the DC link capacitance, coupling both parallel and se-
ries arrangements, was worked out and verified experi-
mentally. Theoretical investigations presented in this 
paper are also completed with different experimental re-
sults, confirming good filtration-compensating proprie-
ties as well as multi-functionality of the UPQC ar-
rangements. 
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2. SCHEME OF THE INVESTIGATED UPQC

Presented in Fig.1, 3-phase UPQC (Unified Power
Quality Conditioner) consists of series (SAPF - Series 
Active Power Filter) and parallel (PAPF - Parallel Ac-
tive Power Filter) energetic active filters, joining com-
mon DC circuit. SAPF - u’C voltage source - filtrates 
harmonics and stabilizes in point of measurement load 
voltage uL, during source voltage uS changes and defor-
mations. PAPF - i’C current source - compensates 
passive components in load current iL. Small filters, LV –
CV  as well as LI  –CI  (alongside with dumping circuits 
R’V –C’V as well as R’I –C’I) provide filtration of the 
harmonics related to PWM control. 

The main controller controls UDC voltage and on ba-
sis of measured instantaneous iL, uS values as well as 
reference values U*

DC and u*
L, calculates standard cur-

rent i*
C  and voltage u*

C courses. Calculations are real-
ized in d-q coordinates, rotating with frequency 
ωS=2π/TS, where: TS - period of the network voltage. In 
this case symmetrical components with frequencies ωS 
are transferred to 0Hz, what simplifies extraction and 

regulators of the compensated components. This is also 
much more easy to control power balance in arrange-
ment. Active power balance unsettling: 
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causes UDC voltage changes. To stabilize this voltage, 
controller forces additional component in iC current, in 
phase with uI voltage. In d-q coordinates most often this 
is a periodic course. 

The d-q coordinates application unfortunately in ar-
rangements with passive elements causes through cou-
plings (look Appendix). In this case simple control in re-
lation to one coordinate, inflict on courses in second co-
ordinate. To eliminate this unfavorable phenomenon, 
controllers have to realize the “decoupling”. 

In introduced in Fig.1 UPQC arrangement, with LC 
filters, one should realize the “double decoupling”. Such 
way of decoupling, explains model discussed in next 
chapter.
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Fig.1. Scheme of the investigated UPQC.

3. MODELING

Models of the individual circuits as well as UPQC
full 3-phase model, are elaborated for d-q coordinates 
with regard to the following assumptions: 

- all circuits in UPQC are symmetrical;
- PWM controllers in SAPF and PAPF, do not come

into range of over-modulation [28];
- frequency of the triangular carrier in PWM modu-

lator is so large, that in case of LV –CV as well as LI 
–CI filters, its influence is negligible;

- pulsations and UDC voltage changes are controlled
and do not cause deformations in shaped in closed-
loop adding (compensating) currents and voltages;

- the adding transformers’ ratio Tr, is set to be 1:1
and additionally there is skipped influence of the 
main impedance.

Models are introduced below and are only in form of 
block diagrams, linked undeniably with their mathe-
matical description (look Appendix). Therefore mathe-
matical description in category of state-space equations  

in d-q and/or α−β  coordinates is skipped in this paper. 

3.1.  Model of the supply line 

This model, presented as the block diagram in 
Fig.2a, considers LS inductance and supply network re-
sistance RS as well as losses resistance RTr and the dis-
persion inductance LTr in an adding transformer Tr.  One 
should notice, that in practice short circuit impedance in 
transformer many times tops network short circuit im-
pedance. Therefore simplified model of the supply line, 
presented in Fig.2b and further applied in this paper, is 
sufficiently adequate. Voltage uS in point of measure-
ment practically is the same as source voltage eS. De-
spite of that, in measure arrangement (Fig.3) there is 
advisable the additional correction of the measured volt-
age uS, with consideration of the voltage drop on trans-
former. Such correction, demands knowledge the trans-
former’s parameters as well as current iS = i’C +iL ≈ iC +iL 
– this concerns mostly frequency ωS. Harmonics in cur-
rent iL will be compensated by the PAPF.
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Fig.2. Block diagram of the supply line:  
a) considering network impedance; b) simplified.

3.2. Model of the SAPF with PWM controller 

SAPF’s major task is to compensate deformations in 
the network voltage, in this also higher harmonic. 
Therefore it is required high dynamics and exactness in 
voltage uC formation. In case of utilization of the output 
filter LV –CV this is possible to realize this with help of 
the: 1) state-spaces regulator [29]; 2) voltage regulator 
with internal coupling in regard of capacitor’s CV cur-
rent [16]. In elaborated model presented in Fig.4 there 
was assumed second regulator, complying temporary 
tendencies in changes of the output voltage (CV ·duC/dt). 

Scheme  presented   in Fig.4  shows  also  the  manner 

for realization of the state-spaces’ double “decoupling”. 
In “decoupling” circuit there are used measured tempo-
rary values of the capacitor’s current as well as choke’s 
in filter LV-CV current. This is no need to exact identify 
the capacitor capacity. In case, when state-spaces regu-
lator is applied, this is match more easy to measure fil-
ter’s output current to get the double “decoupling”. 
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Fig.3. Block diagram of the arrangement for supply voltage 
measurement without and with correction of the 

transformer’s influence. 

3.3. Model of the PAPF with PWM controller 

In PAPF, the questions of compensating current iC 
formation are quite the same as questions of voltage uC 
formation in SAPF. Also in PAPF there are  applied the 
output filters LI  –CI. Such filters are required in regard 
of disturbances and consequences of uncompensated 
outgrowths diL/dt. If such filters are installed, it is advis-
able, for regulator to realize also the double “decoup-
ling” of the state-spaces. Manner of double “decoup-
ling” in PAPF, is analogous to described in previous 
section, as it is in Fig.5. Introduced there block diagram 
of the PAPF’s differs from diagram of the SAPF’s 
(Fig.4) because of lack of circuit for voltage on capaci-
tance CI control (load voltage uL). 
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Fig.4. Block diagram of the SAPF  with PWM controller and output filter.
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Fig.5. Block diagram of the PAPF  with PWM controller and output filter.

3.4. Model of the DC circuit 
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Fig.6. Block diagram of the DC circuit. 

Presented in Fig.6, block diagram of the DC circuit, 
results from balance of instantaneous powers. Each de-
viation from zero in sum of the instantaneous active 
powers pV and  pI, causes changes of the instantaneous 
UDC voltage, in accordance with dependency: 

( ) VSIVDC
DC

DCDC ppppp
dt

dUUC −=+−==⋅   (2) 

From dependency (2) as well as equation (1) results in 
obvious way, that sum of the instantaneous powers pV + 
pI in steady state has to change periodically. 

Model (Fig.6) omits power losses in SAPF and 
PAPF arrangements, profitably slowing UDC voltage 
changes. Accepting such simplification, it is also possi-
ble to skip losses in LC filters as well as in transformer. 
In this case instantaneous power in DC link can be ex-
pressed by the following dependency: 

44 344 2144 344 21
I

LqCqLdCd

V

CqSqCdSdIV

p
uiui

p
uiuipp +++=+     (3) 

3.5. Model of the load 

In Fig.7, block diagrams of the loads were intro-
duced. Voltage model (Fig.7a) in peculiarity should be 

used in case when UPQC is burden with diode rectifier 
with capacitive filter or in situation of UPQC usage to 
power flow control between two network supply 
sources. From the other side current model (Fig.7b) 
should be used, when as load e.g. thyristor rectifier with 
smoothing choke is used. Such rectifier, is often consid-
erated as standard non-linear load, it also made up the 
test burden for UPQC arrangement (Fig.1), studied in 
this paper. 
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Fig.7. Block diagrams of the loads:  
a) voltage; b) current.
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3.6.  Model of the main controller 

In UPQC’s main controller, which model was intro-
duced in Fig.8, adding voltage and current reference 
courses (u*

C i i*
C) are determined in two independent 

circuits. Input signals in first circuit (Fig.8a) there are 
given (set) courses of the load voltage u*

L and measured 
source voltages uS. First circuit does not take part in UDC 
voltage stabilization as well as undesirable in load cur-
rent iL components compensation/filtration. This is the 
domain of the second circuit in main controller (Fig.8b). 

To stabilize voltage UDC, from compensating courses 
extracted in second circuit by the FL(jω) filters, there are 
subtracted the reference active components i*

Dd and i*
Dq 

of the PAPF’s output current. Those components, de-
termined on the basis of instantaneous power theory on 
the base of the following dependencies [8, 16]: 

22
LqLd

Ld*
DC

*
Cd uu

u
pi

+
∆= ,  22

LqLd

Lq*
DC

*
Cq uu

u
pi

+
∆=   (4) 

where: ∆p*
DC  - exit signal in the voltage regulator, they 

cause faster or slower charging/discharging of CDC ca-
pacitance, in dependency on value and sign of an error 
signal ∆UDC=U*

DC-UDC. 
a) 

-
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( )22
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uLq

uLp

( )ωjFLq

Reg.UDC

i*Dd

i*Dq

∆p*DC

Fig.8. UPQC’s main controller - block diagram. 

3.7.  Model of the complete UPQC 

Elaborated full model contains models of the indi-
vidual circuits described in 3.1÷3.6 as well as all con-
nections between them. Model concerns the UPQC ar-
rangement simultaneously fulfilling the following func-
tions: harmonics compensation as well as network volt-
age stabilization and symmetrization, and also compen-
sator of the passive components in load current. In this 
case, and when rotating „d-q” coordinates are suitably 
synchronized with the network voltage, the main con-
troller become a very simple arrangement (Fig.9), 
obligatory containing only one High Pass Filter (e.g. 
differential module with TR reference in limits 10-20 
ms), suitable adders as well as voltage UDC regulator - 
usually PI or inert P. Such simple main controller was 

also considered in UPQC’s full block diagram, intro-
duced in Fig.10. 

-
+
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uSq
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+

+
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Fig.9. UPQC’s simple main controller - block diagram. 

UPQC’s complete model (Fig.10) was elaborated 
with destination to investigate its filtration-
compensation proprieties in often met in practice condi-
tions of small network impedance (Fig.2b) and large in-
ternal impedance of the non-linear current load (Fig.7b). 
On the base of above, in this model, supply line parame-
ters RS and LS as well as current load parameters RL and 
LL were skipped. Additionally, all regulators in SAPF’s 
and PAPF’s PWM controllers were accepted as P type. 
In this model in obvious way can also be implemented
different types of regulators. However one should mark, 
that P type regulators permit to shape enough exactly 
the non-sinusoidal adding voltages and currents (uC and 
iC) [16] and do not inject additional dynamic errors dur-
ing following the standard compensating courses. 

Investigations of the dynamic processes in full 
model of the UPQC’s arrangement (Fig.10) have con-
firmed presumption about small influence of the fast 
dynamic processes, connected with formation of the 
standard courses, onto considerably slower processes 
occurring both in DC circuit as well as connected with 
the standard courses determination. In case of investiga-
tions fast dynamic processes, SAPF and PAPF arrange-
ments can be considered independently. To investigate 
the slow dynamic processes, usually good enough is 
simplified model. Such model was introduced in Fig.11. 
This model differs from the full one (Fig.10) because of 
replacement of the individual models of the SAPF and 
PAPF and their controllers onto ideal voltages and com-
pensating currents adding sources. Carried out, onto this 
basis, the simple analysis of processes of charg-
ing/discharging the CDC capacitance in DC circuit, is an 
object of the next chapter. 

4. ANALYSIS OF THE PROCESSES IN DC
CIRCUIT

To simplify the following analysis, one should ini-
tially notice, that the main controller from principle of 
operation can exclude the appearance of the some cur-
rent and voltage components in UPQC arrangement. In 
case of controller from Fig.9, we always have e.g.: 

0~ =Sdi , 0~ =Sqi , 0=Sqi , 0~ =Ldu , 0~ =Lqu , 0=Lqu ,
0=Squ

where: signs iu , concerns the permanent components, 

and iu ~,~ the pulsation components in currents and volt-
ages.  
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Fig.10. Block diagram of the complete UPQC with omission of the  influence of supply network impedance.
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Fig.11.Simplified, with ideal voltage and current adding sources, model of the UPQC.

Taking into consideration above, and in accordance with 
accepted symbols, instantaneous power pDC delivered to 
the DC link can be determined on the basis of the fol-
lowing dependency: 

( ) ( )

( ) ( )
44 344 2144 344 21

444 3444 21444 3444 21

~

LdLdSdSdLdLdSdSd

I

LdLdSdLd

V

LdSdSdSdDC

PP

pp

ui~u~iiuui

i~iiuuu~uip

∆∆

−−

−+−=

=−−+−+=

=

 (5) 

The partition of the instantaneous active power pDC 
on two components ∆P= as well as ∆P~ is connected 
with their different influences onto UDC voltage changes 
during steady states as well as during transients. 

4.1.  Steady state 

During steady state the component ∆P==0, and the 
pulsation frequencies in periodic component ∆P~ de-
pends only on harmonics, network voltage asymmetry 
and load current. 

Lets consider that ∆P~ component is a superposition 
of the two sinusoidal courses with frequencies U

~ω  and 

I
~ω

( ) ( )[ ]SLILIUSUL~ t~sinKt~sinKPP ϕωω +−≈∆     (6) 

where: φL/S – phase shift between courses;  KSU, KSI  – 
coefficients determining influence of the every one of 
the sinusoidal courses on ∆P~ component; PL – average 
active power of the load. 
In this case and on the base of the following dependen-
cies (2),(5) and (6) we do have:  

( ) ( )[ ]
22

2
min

2
max

~sin~~2~2
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  (7) 

where: UDC(min) – minimum, UDC(max) - maximum volt-
age value on the CDC capacitance. 

From dependency (7) results, that the biggest UDC 
pulsations (UDC(max)-UDC(min)→ max) occur for φL/S=3π/2. 
From dependency (7) outcomes also the following equa-
tion: 

( ) ( )( ) ( ) ( )( )
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2   (8) 

Taking into consideration that:  

( ) ( )( ) 2minmax
*

DCDCDC UUU += , 

and that the maximum error of the UDC voltage is: 

( ) ( ) ( )

( ) ( )( ) 2minmax

min
**

maxmax

DCDC

DCDCDCDCU

UU

UUUU

−=

=−=−=∆
,  

after some algebraic transformations dependency (8) 
can be rewritten as: 

( )








+

∆
≤

I
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U

SU
*
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L
DC ~

K
~

K
U

P
C

ωω
    (9) 

Equation (9) can be also used in the following form: 
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I
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L
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K
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ωωε 2   (10) 

where:   ( ) ( ) ( )

( ) ( )minDCmaxDC

minDCmaxDC
*
DC

maxU
C UU

UU
U +

−
=

∆
=ε - maximum

relative error of the UDC voltage. 
Coefficients KSU, KSI from dependences (6)-(10) 

should be even with the deformation coefficients of uSd 
as well as iLd courses: 

SPSDSU UUK = ;  LPLDLI IIK =   (11) 
where: 

( )( )∫=
π

ϑϑ
π

2

0

22

2
1 duU SdSP  ( )( )∫=

π

ϑϑ
π

2

0

22 ~
2
1 duU SdSD   
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 ( )∫=
π

υ
π

2

0

22

2
1 diI LdLP ; ( )( )∫=

π

ϑϑ
π

2

0

22 ~
2
1 diI LdLD . 

Frequencies U
~ω and I

~ω  are picked up as the lowest, 
among spectrum components Sdu~ and Ldi~ .

Determined on the base of dependence (9) or (10) 
CDC value is inflated in relation to the required for cor-
rect during steady stats UPQC operation. Exacter results 
give weighed coefficients, considering the full spectra 
of uSd and iLd courses, although in practice their deter-
mination is not intentional. Capacity CDC is determined 
mostly by the transient states during load active power 
step changes and/or network voltage amplitude changes. 

4.2.  Transient states  

Let's consider, that in UPQC, which model was in-
troduced in Fig.11 occurred load active power step 
change ∆PL (e.g. additional load is on). This change, at 
constant voltage 

constuu LdLd ==  

and with omission higher harmonic, it is identified as 
load current increase 

LdLLd uPi ∆=∆  (12) 

From here, in case of application of the reference cur-
rent circuit as it is in Fig.9, the compensating current iCd 
changes are following the course: 

DCC
T
t

Ld

L
Cd UKe

u
P

i R ∆⋅+
∆

=∆
−

(13) 

where: KC - gain of the UDC regulator (type P). 
Because iLd= iSd + iCd, therefore load (12) and com-

pensating (19) current changes crate also the network 
current change: 

DCC
T
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L
Sd UKe

u
P

i R ∆⋅−













−

∆
=∆

−

1 , 

Together with this change, considering (5), component 
∆P= of the instantaneous power pDC is changed also: 

LDCC
T
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−

∆
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−

= 1

One can present above equation as: 

( ) DCC
T
t

uuL UKePPP R ∆⋅′−⋅∆⋅−−⋅∆=∆
−

= µµ 1   (14) 

where: LdSdu uu=µ ;   CuLdC KuK ⋅⋅=′ µ
On basis of equation on charging the DC link ca-

pacitance (2) (linearized in UDC
* surroundings), consid-

ering (14) as well as assuming without loss of generality 
μu=1, we receive: 

RT
t

*
DCDC

L
DC*

DCDC

CDC e
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P

U
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K
dt
Ud −

⋅
∆

−∆⋅
′

−=
∆

  (15) 

Equation (15) has the following solution: 
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  where:  

CDCDCC KUCT ′= *   (17) 

On the base of dependency (16), changes of the 
voltage ΔUDC =UDC -UDC

* are with one extremum, tak-
ing place after time tsup, counted from the moment of 
occurrence of the load power ∆PL step change: 

supln0 t
T
T

TT
TT

dt
Ud

C

R

CR

RCDC =
−

⇔=
∆

After putting value tsup  to dependency (16) and trans-
formations we do have: 

( )
TCT

T

R

C

C

L
maxDC

R

C

T
T

K
P

U
−









⋅

′
∆
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Value ∆UCD(max) this is the maximum deviation of volt-
age UDC from the reference value UDC

*. This is easy to 
exert that: 

( ) 
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Considering (17), we do have: 

( )
RC

*
DCDC

RL
maxDC TKUC

TP
U

⋅′+⋅

⋅∆
<∆    (19) 

Dependency (19) allows in practical and simple way 
to evaluate influence: main controller’s TR and KC coef-
ficients, reference value UDC

*, CDC  capacitance and load 
power ∆PL step changes on maximum deviation 
∆UCD(max). Values ∆UDC(max) as a function of increases 
∆PL calculated on the base of (19) and received experi-
mentally were compared in chapter 5. 

CDC capacitance, determined on the base of equation:  

( )

( ) ⋅∆

∆⋅′−∆
⋅=

max

max

*
DC

DCC

DC

R
DC U

UKP

U
TC   (20) 

it guarantees, that voltage UDC do not exceed the admis-
sible range of changes.  Theoretically possible negative 
CDC value is result of linearization of equation (2). In 
practice such negative value is impossible, because of 
required small deviations of ∆UDC(max) as well as limited 
value of KC’, determined with regard of sensor ratio.  
Too large value of KC’ can be connected with stability 
problems. 

Summing up this chapter one should note, that CDC 
capacity in UPQC should be selected with regard of the 
worst cases, as the largest value from two calculated on 
the base of equations (9) as well as (20): 

( ) ( )[ ]209 DCDCDC C,CmaxC = (21) 

Only then the condition about un-exceeding the admis-
sible ∆UDC(max) changes, during steady states as well as 
during transient will be secured.  
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5. EXPERIMENTAL RESULTS

In Fig.12 one can see the laboratory stand to investi-
gate the small power experimental model of the UPQC 
(Fig.1). In arrangement the simple main controller was 
applied (Fig.9) with P type regulator for UDC voltage 
control. Selected parameters and adjustables of the labo-
ratory model are introduced in Table 1. Further pre-
sented results of investigations contain steady states and 
transients as well as UPQC capabilities to power flow 
control between two voltage sources.  

SAPF PAPF 

UPQC 

P513 LeCroy 

Fig.12. Experimental model for investigations of UPQC. 

Tab.1. Selected parameters and adjustables of the UPQC. 
Nominal network voltage US 3×220 V 
Admissible range of changes in network volt-
age  60÷340 V 

Stabilized load voltage UL 3×60÷240 V 
DC link capacitor 1650 µF 
The reference voltage U*

DC in DC  610 V 
The maximum network current IS(max) 20 A 
In the main controller, HPF time constant TR  10  ms 
KC gain in the UDC voltage regulator  
(with assumption of the sensor  0,052 V/V) 1 V/V 

PWM frequency in PAPF controller 4 kHz 
PWM frequency in SAPF controller 12 kHz 

5.1.  Results obtained during steady states 

In Fig.13 the exemplary simulation and experimental 
current and voltage courses, illustrating UPQC’s filtra-
tion capabilities in steady states, were introduced. Ex-
perimental courses concern situation when arrangement 
is burdened with controlled 6-pulse rectifier (α=0º, 
THD(IL)≈28%) with power 7 kW and supplied with de-
formed network voltage with distortion coefficient 
THD(US)≈9%. Both current iS as voltage uL in this of 
case are practically sinusoidal. 

UPQC filtration proprieties only in slight degree de-
pend on load power (Fig.14). Increase of THD(IS) coef-
ficient at small load is related to enlarged participation 
of harmonics with frequency of the PWM sawtooth car-
rier in PAPF controller. Increase of THD(UL) coefficient 
at enlarged load is related to voltage drop on adding 
transformer’s impedance, caused by the uncompensated 
load current harmonics. One should mark, that such 
changes of THD(UL) and THD(IS) show the improperly 
selected passive filters L-C in UPQC arrangement 
(Fig.1). 

Load changes mainly infect the PAPF and SAPF 
nominal powers (Fig.15). In general case, nominal 
power of the PAPF’s depends on distortion power, reac- 

 

 i

20A

-400V

-200V

0

200V

400V

0

40A 

-20A

-40A

u 

iS uS 

20A

-400V

-200V

0

200V

400V

0

40A 

-20A

-40A

uL iL 

10 ms 

10 ms 

UPQC - on UPQC - off 

Simulation

uS – 100 V/div 

uC – 50 V/div 

uL – 100 V/div 

iS – 10 A/div 

iL – 10 A/div 

iC – 10 A/div 

Experiment 

Fig.13. Simulation and experimental courses in case of the 
network voltage and load current harmonics compensation. 

0 

10 

20 

0,5 1,0 1,5 2,0 2,5 3,0 3,5 

THD(I) [%] 

SL 

[kVA] 

IL 

IS 

Experiment 

1 

2 

3 

4 

THD(U) [%] 

30 
US 

UL 

Fig.14. Current and voltage THD coefficients as a function of 
the apparent power of load (α=0º). 

0,0 

0,5 

1,0 

0,5 1,0 1,5 2,0 2,5 3,0 3,5 

SV, SI [kVA] 

SL 

[kVA] 

SI 

SV 

0,0 

0,5 

1,0 

0,5 1,0 1,5 2,0 2,5 3,0 3,5 

SV, SI [kVA] 

SL 

[kVA] 

SI 

SV 

Experiment 

Simulation 

Fig.15. SAPF (SV) and PAPF (SI) nominal power as a function 
of the apparent power of the load (α=0º). 
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tive and unsymmetrical power of the load, additionally 
nominal power of the SAPF’s depends on active com-
ponent in load current as well as value, deformations 
and asymmetry of the network voltage. Simulation and 
experimental dependencies, introduced in Fig.15, con-
cern only case when UPQC is supplied with sinusoidal 
(THD(US)≈4%) and symmetrical nominal voltage, and 
burdened with 6-pulse rectifier. 

The nominal powers depends also, however in 
smaller degree, on SAPF and PAPF efficiency. Increas-
ing load power (and network voltage) participation of 
losses in nominal power components decreases. The 
same dependency concerns also in obvious way the effi-
ciency of the whole UPQC arrangement (Fig.17). In 
boundary studied case SL= 8,5 kVA (not in Fig.17) 
measured efficiency of laboratory model carried out 
0,96. 
 

η 

0,80 

0,85 

0,90 

0,95 

1,00 

0 0,5 1 1,5 2 2,5 3 3,5 

SL 

[kVA] 
Fig.16. UPQC efficiency as a function of the apparent power 

of the load (α=0º). 

iS1 – 5 A/div 

iS2 – 5 A/div 

iS3 – 5 A/div 

iL1 – 5 A/div 

iL2 – 5 A/div 

iL3 – 5 A/div 

uS1 – 50 V/div 

Fig.17. Experimental courses in case of symmetrical supply 
and non-linear and non-symmetrical load. 

Experimental investigation of the UPQC arrange-
ment in steady states contained also estimation of possi-
bility of realization through this arrangement function of 
the load as well as network voltage symmetrization. In-
vestigations were realized at lowered supply (network) 
voltage. Two, 2-pulse rectifiers 1,1 kVA apparent power 

each, made up the asymmetrical load. Amplitude 
asymmetric supply (network) voltage was obtained with 
assistance of three independent autotransformers. Ex-
emplary results of experiment illustrate, introduced in 
Fig.17 and Fig.18, current and voltage courses. 

uS1 – 50 V/div 

uS2 – 50 V/div 

uS3 – 50 V/div 

uL1 – 50 V/div 

uL2 – 50 V/div 

uL3 – 50 V/div 

 iS1 – 5 A/div 

Fig.18. Experimental courses in case of non-symmetrical sup-
ply and symmetrical resistive load. 

5.2.  Results obtained during transients 

Experimental verification of dependency (20) was 
the principle aim of this investigations. In theoretical 
calculations it was considered: adjustments TR=10 ms 
and KC=1V/V (Table 1), nominal value US=220 V i.e. 
uSd=400 V (look Appendix), the reference value U*

DC 
=610 V, as well as gain μu= 0,052 of the voltage UDC 
sensor in real laboratory model. Allowing at this devia-
tion ∆UDC(max)=30 V and load active power step (∆t=0) 
changes ∆PL < ∆PL(max)=4 kW, calculated CDC value car-
ried out 1850 µF. In laboratory model, from practical  
point of view, capacitor with smaller capacity CDC =1650 
µF, was applied. This capacity concern also dependences 
introduced in Fig.18. 

0 

10 

20 

30 

1,0 2,0 3,0 4,0 

∆UDC(max)=f(∆PL) 

∆PL 

[V] 

Experiment

Calculation 
(19) 

 [kW]  
Fig.19. Maximum deviations of the UDC voltage from the ref-
erence value UDC

* (∆UDC(max)=UDC(max)-UDC
*) as a function of 

increases ∆PL. 
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uS – 100 V/div 

uL – 100 V/div 

uC – 50 V/div 

iC – 10 A/div 

iL – 10 A/div 

iS – 10 A/div 

UDC – 200 V/div 

iDC – 20 A/div 

Fig.20. Experimental courses in case of harmonics filtration 
and load step changes ∆PL  from 4kW to 8kW. 

5.3.  Additional functions – power flow control 

UPQC arrangement with success can be used to 
power flow control. Considering problem cognitively, 
power flow controller generally is a synchronous volt-
age source (SVS), presented as source of the adding uC 
voltage with frequency dependent on network frequency 
with possibility of control of its voltage amplitude in 
range 0≤UC≤UCmax and angle γ in limits: 0≤γ≤2π, con-
nected with transmission line as this in Fig.21. In UPQC 
arrangement, SAPF exchanges with transmission line 
both active power (series active compensation) as pas-
sive power (series reactive compensation), thanks what 
there is possible to power flow control. However active 
power exchange, which affects mostly reactive power, 
is connected with consumption from DC circuit the ac-
tive power. Therefore the main purpose of the PAPF’s is 
UDC voltage stabilization. 

Tr

u S2

uC

CDC

SA
PF

PA
PF

uS1

LI
uS1

S2

iS2

S1

iS1

LS

Fig.21.  Connection scheme to investigate UPQC’s capabili-
ties for power flow control.  

UPQC, behaving as power flow controller, can be 
controlled in accordance with rules presented in Fig.22. 
The vector diagram from Fig.22a. introduces situation, 
when adding voltage has constant amplitude UC=const, 
in this case only angle γ  is changed in range (0÷2π). 
Such way of control cases however, variable voltage 
load US2. If voltage US2 has to be stabilized, UPQC 
should be controlled in accordance with rule introduced 
in Fig.22b. In this case there are changed: amplitude of 
adding voltage UC as well as angle δ. 

a)
γ 

US1 US2 

UC

δ 

b)
γ 

US1 US2

UC

δ 

Fig.22. Vector diagrams for the arrangement presented in 
Fig.21, in case  when power flow control is achieved through:  

a) changes of the γ angle, maintaining constant  uC voltage,
b)changes of the δ angle, maintaining even voltages uS1 and

uS2. 

u – 50 V/div

Simulation 

Experiment 

uS2 uS1 iS1 iS2

uC 

i –   5 A/div

Fig.23.Example simulation and experimental courses obtained 
in arrangement presented in Fig.21 in case when power flow 

control is on the base of rule explained in Fig.22a.  

In Fig.23 simulation and experimental voltage and 
current courses, for UPQC arrangement working in 
accordance with rule from Fig.22a, were introduced. As 
one can see experimental and simulation results agree, 
however such control causes changes in load voltage 
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US2. Characteristics of changes of active and reactive 
power as a function of variable angle γ are presented in 
Fig.24. As one can see, characteristics confirm the 
UPQC’s power flow control capabilities. 

 PS1, PS2=f(γ)

-1,0

-0,5

0

0,5 

1,0

60 120 180 240 300  [deg]

[kW]

PS1PS2 

γ 

0,5 

1,0 

1,5 

0 60 120 180 240 300 

QS1, QS2=f(γ) 

 [deg] 

[kVar] 

γ  

QS1 

QS2 

Fig.24. Active and reactive powers, measured at S1 and S2 
points of the arrangement from Fig.21, as a function of γ an-

gle. Constant  uC voltage. 

u – 50 V/div 

Simulation 

Experiment 

uS2 uS1 iS1 iS2 

uC 

i –   5 A/div 

Fig.25. Example simulation and experimental courses ob-
tained in arrangement presented in Fig.21 in case when power 

flow control is on the base of rule explained in Fig.22b. 

 

-1,0

-0,5

0,5

1,0

-20 -10 0 10 20 

PS1, PS2=f(δ) 

 [deg]

[kW]

PS1 PS2 

δ 

 

0,1 

0,2

0,3 

0,4

0,5 

-20 -10 0 10 20 

QS1, QS2=f(δ) 

 [deg] 

[kVar]

QS1 QS2 

δ 

Fig.26. Active and reactive powers, measured at S1 and S2 
points of the arrangement from Fig.21, as a function of δ an-

gle. Even voltages  uS1 and uS2. 

In Fig.25 simulation and experimental voltage and 
current courses, for UPQC arrangement working in ac-
cordance with rule from Fig.22b, were introduced. As 
one can see experimental and simulation results agree. 
Characteristics of changes of active and reactive power 
as a function of variable angle δ are presented in Fig.26. 
The second manner of control is equivalent to situation 
when SAPF exchanges with the transmission line 
mainly the reactive power (series reactive compensa-
tion). As a consequence predominantly in transmission 
line there is changed the active power, range of reactive 
power control is smaller than in first case (Fig.22a). 

6. CONCLUSIONS

In this paper the basis of analytical modeling of the
Unified Power Quality Conditioner arrangements in d-q 
rotating coordinates, as well as selected results of inves-
tigations conducted on the simplified small power labo-
ratory model were talked over.  

Created with minimum number of simplifying as-
sumptions, UPQC full model (in d-q rotating coordi-
nates) permits to entirely independent control in relation 
to p and q coordinates and particularly is useful in sta-
bility investigations and regulators’ parameters as well 
as values of the passive elements selection. On this basis 
method for analytic determination of the DC link ca-
pacitance, coupling both parallel and series arrange-
ments, was worked out and verified experimentally.  

Simulation investigations, completed with experi-
mental results, including among others operation of the 
UPQC arrangement in case of burden of the supply with 
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thyristor rectifier were next introduced. Results of both 
analyses (theoretical and experimental) are confirming 
good filtration-compensating proprieties as well as 
multi-functionality of the UPQC arrangements. Investi-
gated UPQC arrangement simultaneously permits to ful-
fill the following functions: voltage and current harmon-
ics compensation, network voltage and load current 
symmetrization as well as network voltage stabilization 
and power flow control. 
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APPENDIX  

A1. The stationary phase (1-2-3) and rectangular 
coordinates (α-β-0) 

The transformation between coordinates (1-2-
3)↔(α-β-0) are given by:  
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If y1+ y2+ y3=0 (always in 3-wire supply networks), 
then y0=0 and:  
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A2. The rectangular stationary (α-β) and rotating 
coordinates (p-q) 

Transformation between (α-β)↔(d-q) coordinates, 
with assumption y0=0, is on the base of dependency:  
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or generally 

αβYYdq
1−Θ=   ↔  dqYY Θ=αβ
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A3. State space equations in (α-β) and (d-q) coor-
dinates 

αβ
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where: 
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Considering form of the transformation Θ (A2), let‘s 
determine dependencies between A and B  matrices for 
the replacement of coordinates (α-β)↔(p-q). For this 
purpose, on the base of (A2) and (A3) one can write: 

( ) dqdqdq FXX
dt
d

dt
dX

⋅Θ⋅+⋅Θ⋅=⋅Θ= α
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and after transformations we do have: 
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On the base of above one can write: 
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↕ (A4) 
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A3.1 Components Θ-1·dΘ/dt  i  (dΘ/dt)·Θ-1 calcula-
tions 

On the base definition of transformation Θ (A2) we 
do have: 
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Considering Θ-1 matrix, one can write:  
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Transformation of the state space equations (A3), in 
general case is represented by quite complicated, practi-
cally  not to useful expressions. Even if square matrices 
A and B are diagonal, but not singular, considering (A4) 
one can notice, that the state space equation, stationary 
in (α-β) coordinates, is non-stationary in (p-d) coordi-
nates and on the contrary. Transformation Θ can be used 
in the most profitably way, when matrices A and B are 
singular, i.e. in case of symmetrical 3-phase circuits. 

A3.2 Transformations of the schemes of state equa-
tions  

On the base of dependencies (A3), (A4) and (A5), 
with assumption of the singularity of state matrices A 
and B this is possible to get, in simple way,  the state 
equations in (α-β) as well as in (p-q) coordinates and on 
the contrary. 

If we know equation in (α-β) coordinates 
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If we know equation in (p-q) coordinates 
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Above presented transformations of the state equations 
are  illustrated by the models in Fig.A1 and Fig.A2.  
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Fig.A1. Models of the state space equations in (α-β) ↔ (d-q) 
coordinates 
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Fig.A2. Models of the state space equations in (d-q) ↔ 
(α-β) coordinates  
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