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Abstract: The decoupled control of the power flow through a transmission line using a PWM- 
based Unified Power Flow Controller (UPFC) is explained. A dynamic model of a UPFC has been 
developed using the space-vector representation of instantaneous three-phase variables. The Parks 
transformation and the reference frame selected reduce the control of the real- and reactive-power 
flows to the control of the d- and q-axis currents, respectively. The proposed control scheme 
produces fast and decoupled response of the real- and the reactive-power flow through a 
transmission line. I t  also achieves tight control of the DC-link capacitor voltage through careful 
coordination between the control of the series and shunt compensators of the UPFC. A prototype 
has been built to illustrate the main contributions. The prototype includes a UPFC with 750Hz 
switching frequency applied to a reduced model of a transmission line. Experimental results agree 
closely with the theoretical analysis. 

1 Introduction 

The Unified Power Flow Controller (UPFC) is the most 
comprehensive tool for real-time control of AC transmis- 
sion systems. I t  can be used to control the transmitted real- 
and reactive-power Rows through a transmission line thus 
optimising the power flow, improving the transient stability 
margins, damping power oscillations and providing voltage 
support. Previous research efforts have focused mainly on 
steady-state performance and the description of several 
applications [I]. Also, some details of the required control 
loops are explained in [2] and [3] .  However, experimental 
results show crossi-ouplings between the real- and the 
reactive-power control systems. Furthermore, during tran- 
sients the voltage of the DC-link capacitor varies signifi- 
cantly. This paper focuses on the detailed analysis of the 
implementation of the controller of the UPFC, based on the 
control system already proposed in [4] and [5]. 

First of all, the paper describes the dynamic model of a 
UPFC applied to a transmission line. Secondly, the 
implementation of the control algorithm4 is explained in 
detail. Thirdly, a laboratory prototype is described. The 
prototypt includes a hardware model of a transmission line 
with per-unit values of its parameters similar to those of a 
400kV and 1500MVA rating existing line. The switching 
frequency of the power electronic converters has been 
limited to 750Hz to obtain a realistic prototype for high- 
power applications. Finally, the experimental results 
illustrate the behaviour of the control system. 

2 

Fig. l u  depicts a UPFC applied to a transmission line. It 
consists of a series voltage-source inverter (I2), a shunt 
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Fig. 1 a Conjgurntion of U UPFC, h SinrpliJied model 

voltage-source inverter (II) ,  two transformers (T2 and TI) 
and the connection filter. Note that the two inverters share 
the same DC-link capacitor. Fig. Ib depicts a simplified 
model of the system. The series compensator (series inverter 
plus series transformer) ha5 been modelled as a fully- 
controllable voltage source (e) and it controls the real and 
the reactive power flow through the transmission line. The 
shunt compensator (shunt inverter, shunt transformer and 
connection filter) has been modelled as a fully controllable 
voltage source (eP) with a connection impedance (L,> and r,,) 
including the leakage of the shunt transformer. The shunt 
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compensator exchanges real power with the power system 
in order to maintain the energy stored in the DBC-link 
capacitor. The shunt Compensator may also exchange 
reactive power with the power system [6] but this is not 
explored here. Finally, voltages VS and VR model the 
sending-end and the receiving-end voltages respectively, and 
L and r model the transmission line including the leakage of 
the series transformer. 

The instantaneous three-phase variables of the IJPFC 
can be described by dq-components using Park's transfor- 
mation [7] as follows: 

where w is the angular speed of the reference frame used. 
All pairs in dq-axes are complex numbers or space vectors. 
Equations ( I )  and (2) model the series and shunt 
compensators respectively. 

The Park's transfonnation selected here keeps invariant 
the instanteneous power expression and the d-axis lays on 
the space vector of the receiving-end voltage. Hence, 
VR,$= VRc/+jVI(I= VR,,. Using the definition of instanta- 
neous reactive power [XI the real power (U) and instanta- 
neous reactive power (q) transmitted to the receiving end 
are: 

( ec  = 1/2Cu$). Hence: 

where: 

pe = e,& + "&, 

P<,p = eR/iR/ + "+p, 

( 6 )  

(7) 
and where pc is the real power absorbed from the AC 
system by the series voltage source (e) and pe,, is the real 
power injected by the shunt voltage source into the AC 
system. Therefore_ ifp,>p,. lit. increases, and ifp,ip,, uc 
decreases. Equation (5) is good for control purposes 
because it is a linear model of the DC-link capacitor, where 
p', and 

Finally, if the shunt compensator does not exchange 
reactive power and neglecting losses (7) may be simplified as 
follows [6]: 

are the inputs and 0:. is the state variable. 

= VRdiB (8) 
and the control of pc,p reduces to the control of i,+/. 
Typically, the shunt voltage is significantly greater than the 
series voltage. Therefore, the current of the shunt compen- 
sator is negligible compared with the current of the series 
compensator. 

3 
for the UPFC 

Fig. 2 depicts the control system of the UPFC based on (l), 
(2) and (5)  (see [4]). The main loop is the control of the 
series compensator. It controls isd and is,/ (control of the 
receiving-end power) and all the othcr loops are subordi- 
nated to it. The series voltage source may absorb real power 
@',) from the electric system. The shunt compensator 
supplies this power to the electric system, so that uc 
remains constant. 

Design and implementation of digital controllers 

L- 

Fig. 2 UPFC mnlrul sy.~len~. Suprr.script * meun.7 r&enre uulue and pe is rhe e,viniulion o f p ,  

q = - V,diq + VRqiU = - VR,,i, (4) 
Hence, the p and 4 flows in the transmission line 
are proportional to isd and isq respectively, and the 
control or p and q reduce to the control of d- and ,q-axes 
currents. 

The model of the DC-link capacitor may be derived from 
the equation of the energy stored in a capacitor 
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3.1 Series compensator 
The receiving-end system Crequency (U) can he considcred 
to be constant and the dynamic system in ( I )  is linear. 
Therefore. an exact discrete-time model can be obtained in 
order to consider the digital implementation of the control 
algorithms. The UPFC must control iscl and iq indepen- 
dently but the dynamics of the two axes are coupled in ( I ) .  
It is shown in [4] that further coupling terms appear in the 
system discrete-time model and that decoupled control is 

I€€ Pmc-Gm<,r. Trunsii. Dulnh.. V d  /io, No. 2, Mwch 2W3 



still possible usiug state feedback. Details of the digital- 
controller design of the series compensator are given in [SI. 
Here, a self-contained summary is presented. 

Assuming that inputs are set through a zero-order hold, 
the discrete-timc incremental model of (1) can he written as: 

[ f d k +  I ) ]  = [ $I hj [ i d k ) ]  + [ 
&(kt 1 )  -$> $I i.s,(k) -Y? Y, eq(k )  

: 2 ]  [ e & ) ]  

L__ ---- 
iw(h+l) 4 k i k )  r e& 

(9) 

(10) 

and. with 191: 

Q = e''* and r = ( / ~ e ~ ~ l ~ t r )  B 

where rs is the sampling interval. 
Note that the system inputs in (9) e,,,(k) represent the 

control action of the series inverter upon the line at time k. 
The controller should calculate it from measurements at 
time k (feedbnck). However, even with modem micro- 
processors it is conceded that there will be at least a one- 
sample-interval delay between the time when measurements 
are taken and the time when the inverter output can be set. 
This is certainly the case in the.prototype (see Section 4). 
Therefore, the controller output calcul;ited at time k (called 
e;(k)  in Fig. 2) is the control action applied by the series 
inverter at time k +  I (edcl (k+ I)). 

i*l(k + I )  

Equation (11) can be transformed into two independent 
single-input-single-output control systems: 

with 

Note that the calculation of the series inverter output 
voltage done by the controller with (13) requires the use of 
the values of the state variables in the future &(k + I )  and 
&,(k + I ) )  and that they havc therefore to be estimated. In 
addition, (12) does not have the standard form of a discrete- 
time system (x(k  + 1) = @ x ( k )  + Tu(k)) .  The second 
problem can be easily solved by adding the delayed system 
inputs (udk-1), u,(k-I) in (12) as two new state variables 
(xR~l(/Or xRll(k)) [Y]. Hence, for the d-axis system in (12), it is 
possible to write: 

and similarly for the q-axis. 
The estimation of ;=(k+ 1)  and &(k + I )  can be 

carried out in three different ways. First. one can assume 
that & ( k + I ) = i , g , ( k )  and & , , ( k + l ) = i % ( k ) .  This will 
have no computational cost hut it will not achieve perfect 
decoupling. The results will be acceptable if the sampling 
interval is small compared to the closed-loop system time 
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constants. Second. the estimation can he done using a 
simulator with (14) and its companion for the q-axis. The 
simulator will only use the system inputs (u,dk) and U,@)) to 
calculate the estimated state variables recursively. Finally, 
the estimation can be done using (14) and its companion for 
the q-axis as a predictor for k +  1 based on the inputs and 
measured state variables i n k  [IO]. The second and the latter 
solutions have a similar computational cost but the latter is 
prcfcrable if the noise when measuring the state variables is 
not vely significant. The latter solution has been used to 
obtain the results discussed later. 

A proportional state-feedback controller can be easily 
designed for (14) to place the closed-loop system poles [Y]. 
Most Computer-Aided-Design programs for control system 
design include several algorithms for pole placement (see 
[ I  I], for example). 

3.2 Design of a decoupled propottionakintegral 
controller 
The controllers should use the integral of the error to 
guarantee zero error in steady state for the state variables. 
The discrete-time integral of the error in the d-axis (real 
power) can be written as [9]: 

x ~ d k  + I )  = x ~ d ( k )  + &(k)  - i d k )  (15) 

where iL is the reference value for the d-axis current (real 
power). 

A new state variable s,<lcan be included in (14) yielding: [:::;:;;] 91 0 I 1 [E:"'] 
(16) 

* R d ( k +  1)  0 0 0 X R d ( k )  

+ [ 81 U d k )  + [e] ; X k )  

Similarly, one can use the q-axis state-variable system. 
Clearly. a proportional state-feedback controller 

for the system in (16) gives a P+I  controller for the 
d-axis: 

A similar approach can be used for the q-axis. 
Note that d- and q-axes have been treated independently 

thanks to the decoupling structure proposed for the 
controller. Summarising: 

X 
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3.3 Shunt-compensator controller 
The analysis of the shunt-compensator controller is !similar 
to the analysis of thc series-compensator controller. 'There- 
fore, the final result is presented directly: 

0 knd kmd 0 $?PZ 0 = -r;I [? -4p2 0 0 k M  0 kn0 kmU 

X 

Equations (18) and (19) show the exact implementation 
of the digital controllers for the d- and q-axis in the 
prototype. 

In steady state, pc =pep and uc remains constant (see (5)). 
However, during transients, p<, varies. The feed-forward 
term of the capacitor voltage controller (pe  in Fig. 2) 
modifies the reference of the real power for the shunt 
compensator to restore the equilibrium between p. and pc~/p 
To implement the feed-fonvard it  is necessary to estimatep,. 
Due to the harmonic contents of the series voltage source 
(e,*), pc  is better estimated using the reference voltage (e&) 
and the measurement of is,hr 

& ( k )  = iu(k)e:,(k - I )  + &(kje;(k - 1) (20) 

Finally, the feedback of uc (see Fig. 2) eliminates the DC 
voltage variations due to the errors in the estimation. errors 
in the compensation of the shunt compensator delay, losses 
in the connection impcdance and switching inverter losses. 

4 Prototype details 

A laboratory prototype has been built to illustrate the 
performance of the UPFC control system. An overview of 
the prototype is shown in Fig. 3 and details of the control 
hardware are depicted in Fig. 4. The parameters of the 
prototype are in Table I and its main characteristics are: 

The prototype includes a hardware model of a transmis- 
sion line with per-unit parameter values similar to those of a 
400kV and 1500MVA rating transmission line. The 
hardware model base voltage is 380V and the base Dower 
is 15kVA. 

Sending 
end 

series compensator: 
current measurements 

series inveneii I shunt invenei 
firing signals I I tiring signals 

I (  
vo1iage 

, , ieasurements 
shunt compensator: 

i t  
0.C.-link 

voltage measurement current measurements 

Fig. 3 Oaemiew of /he UPFC hrrrdwre prororjpe 

0 The receiving-end and the sending-end were physically 
The capacitor-voltage control is important for the UPFC the same point in the prototype (called PcC in Fig. 3). control system. If the capacitor voltage variations are Therefore, there is no power flow between them when the 
bounded the UPFC voltage sources are independent of the UPFC is at 
capacitor voltage. This can be achieved, by increasing the 
value of the capacitor: hut it is expensive. Th'e best The system frequency is joHz 

alternative is to achieve good transient performance of this 8 The series transformer of the UPFC has been built with 
controller. three single-phase transformers (380/35 V each). The 

3.4 Capacitor-voltage controller 
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Fig. 4 Detuik .f the control hardtwre for the UPFCprvtutypr 
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Table 1: Characteristic of the prototype 

Parameter Base Nominal value Per-unit value 

S 15kVA 15kVA 1 p.u. 

VS 380 V 380 v 1 p.u. 

VR 380V 380V 1 P.U. 

L 9.62670 4.2mHr 0.4363 ms 
(X= 1.31950) (Xp=0.1371 p.u.1 

r 9.62670 0.131950 0.01371 p.u. 

4.05125 ms LP 9.62670 39mHr 

ro 9.6267 0 1.22522 0 0.12727p.u. 

C(d.c. side) 0.039020-' 2.15mF 55.0973ms 

(Xp= 12.25220) (Xp= 1.2727p.u.) 

V, (d.c. side) 620V 620V 1 P.". 

- 1.0275 
- 

620> - 1.0000 : 
- 

primary is delta connected to the series inverter and the 
secondary is series connected to the transmission line. 

The series inverter was built with 1200V, IOOA IGBT's. 
The shunt transformer has been built with three single- 

phase transformers (380/220V each). The primary is delta 

-20 L 4 -0.05 

c 
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6301 
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610- 

600 

1.0275 

1.0000 2 

0.9725 

620- 

connected to the shunt inverter and the secondary is star 
connected to the electric system through a filter. 

A 15 kVA SEMIKRON inverter assembly was used for 
the shunt inverter. 

Space-Vector Modulation [I21 with 750Hz ;switching 
frequency has been used to control the voltage of each 
inverter. This is a realistic value for high-power applications. 

A TMS320C30 DSP placed on a commercial baard from 
LSI (UK) has been used to implement the controller with 
1.5 kHz sampling frequency. 

The controller implementation has been carried out with 
a commercial real-time operating system (SIMULINK real- 
time workshop RTW [13]). Appropriate software drivers 
had to be developed to handle all the control hardware 
(DSP board, A/D board, inverter-control board) from 
SIMULINK RTW. 

Current feedback has been done using hall-effect probes. 
Voltage feedback has been done using differential probes. 
The receivingend voltage has to he measured to <:any out 
Parks transformation. The capacitor voltage is measured 
for feedback control. 

The heart of the controller is a 32-bit floating-point DSP. 
Feedback signals are measured using a 32-input-channel 
acquisition card with 12-bit analog-to-digital (A/D) con- 
verters. All the calculations, including the inverter switching 
times, are done by the DSP. The actual firing signals for the 
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inverter switches are generated with a FPGA (Field 
Programmable Gate Array) for the series inverter and 
another one for the shunt inverter. The former contains 
three timers, each one controlling the switching time of a 
different inverter leg. The latter contains four timers. Three 
of these control the inverter and the other determines the 
sampling period for the system control algorithm. 

The hardyire described above works as follows. The 
shunt FPGA interrupts the DSP when the control sampling 
period finishes. This is the signal for the DSP to sample the 
necessary variables through the A/D card hut it also re- 
starts the count of all timers in the FPGAs. Therefore, the 
numbers representing the required inverter switching times 
must he written on the FPGA before the end of the 
previous sampling period. After reading the feedback 
values. the DSP performs all the calculations of the control 
algorithm, including the space-vector PWM. Eventually. the 
DSP writes on the FPGAs the new switching times for the 
inverter legs to he used during the next sampling period and 
waits until the shunt FPGA marks the end of the present 
sampling period. Note that in an inverter leg. one of the 
switches (and only one) is 'on'. When a leg timer finishes the 
count, it forces the inverter driver to change the inverter leg 
state. This action does not perturb the DSP calculations. 
When writing the switching times the DSP does not perturb 
the FPGA either. 

Clearly. the control action is applied with one-samp- 
ling-period delay with respect to the moment when 
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measurements are taken. The implications of this for the 
control algorithm are explained above in Section 3.1. 

5 Experimental results 

The experimental results show the performance of thc 
UPFC control system. All figures in this Section have been 
drawn using data (voltages and currents) sampled with an 
oscilloscope. Real and reactive power have been calculated 
from current and voltage measurements at the receiving-end 
while the capacitor voltage has been measured directly. For 
simplicity, the inverter voltages (d and q) calculated by the 
controllers havc b e n  plotted instead of the actual applied 
voltages. Note that the inverters achieve those voltages 
closely, and that any errors are corrected by the closed-loop 
control. 

Fig. 5 shows the response with step changes in the 
reference for p and constant references for q and uc. The 
real power @) follows its reference closely with no cross- 
coupling with the instantaneous reactive power (q). The 5% 
settling time is less than 25ms. The capacitor voltage 
variation is less than 0.5% and is in the order of the 
variations due to the switching frequency. Similar results are 
obtained when testing step changes in the reference for q 
(see Fig. 6) 

Finally, Fig. 7 shows the rcsponse with step change in the 
reference for uc and constant references for p and q.  The 
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5% settling time is less than 150ms and during the transient 
11 aiid 9 remain constants. Therefore, it is possible to change 
uc with no cross-coupling withy aiid q. A choice of the best 
operating point for the inverters is thus allowed. 

6 Conclusions 

This paper has shown that fast and decoupled control of the 
real- and the reactive-power flow through a transmission 
line is possible using a UPFC with reasonably low inverter 
switching frequency. Real- and instantaneous reactive- 
power control is equivalent to d- and q-axis current control 
using a Park’s transformation based on a referenced frame 
fixed to the receiving-end voltage. The controller design 
must take into account the discrete-time implementation in 
a microproccssor if perfect decoupling is required. A one- 
step-ahead estimator may be necessary to maintain 
decoupling when there is a significant delay in calculating 
the control actions. For design purposes, the controller can 
be seen as a proportional state-feedback control law even 
when integral actions are required to ensure zero error in 
steady state. Furthermore. the control of the DC-link 
capacitor voltage ensures constant voltage during p and q 
transients. This is very important when capacitor size is a 
key issue in the design of the UPFC. 
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