Design of inverse controller with cross-coupling
suppression for UPFC series converter

Abstract—The power flow control problem of a transmission
line equipped with a Universal Power Flow Controller is inves-
tigated. Two controllers for the series converter of a UPFC are
proposed. Dynamic or static model inverses are used to linearize
control and suppress cross-coupling dynamics. Both controllers
realize first order step responses with arbitrary time constant and
cross-coupling suppression. Main benefits of these controllers are P B P
low controller complexity, minimal required system parameter S s P I N :‘”s'ér'i'e's"
knowledge and first order system behavior with arbitrary time Vs hranstormercomventeisagecomener transformer
constant. Controller complexity is no more than two parallel T ‘

Pl controllers for the steady-state inverse controller, or four

for the dynamic inverse controller. Cross-coupling suppression rig. 1. One-wire schematic of transmission line equipped with UPFC
performance of both controllers depends only on knowledge
of inductance-resistance ratio of transmission line. Simulation
results at 1 kHz demonstrate cross-coupling suppression and
first order behavior. Control bandwidth allows damping of inter-
area oscillations.
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. INTRODUCTION
GROWING demand for electrical energy in Europe is not
met by an equal growth of the transmission system. Ex-
isting transmission lines were designed for local delivery and |
interconnection lines were designed for emergency support. As
the European electricity grid now hosts a liberalized energy “
market, these lines now guide international power flows. The N i
system frequently reaches it's stability limit and effects of b K
local faults spread wider, as control options are exploited to (a) Fasors for purely inductive (b) Fasors for purely induc-
maximize profit. New, flexible tools to control power flows on ~ fansmission fine e e son line equipped
the transmission network are topic of ongoing research. ‘ _
Flexible ~Alternative Currents  Transmission ~ Systerld ZH Fasor representation of effect of UPFC on curigabmponenty, iq
(FACTS) is a family of power electronic devices capabl%n thereby on active and reaciive power
of dynamically controlling power systems. The Universal

Power Flow Controller (UPFC) is the most versatile of

devices in the FACTS concept, being able to control thrdgpresent shunt ar_ld series converter_voltages of the UPFC.
basic variables of a transmission line, namely transmissié_‘nandr represent inductance and resistance of the overhead

voltage, line impedance and phase angle. In fornfdla line. Both converters can independently absorb and generate
active and reactive poweP, Q transported by an ideal pure|yreactive power, and acti_ve power can flow in both directions

inductive transmission line are given, in function of sendingetween shunt and series converter. The DC energy storage
and receiving end voltagess, V5, line impedanceX and Serves as a buffer for momentary active power flow imbalances
phase angle. This is a comm’onlg/ used model for overheaf€tween converters. This allows the series converter to inject
lines, whose impedance is mainly inductive. As a UPFC cAm arbitrary series voltage, realizing power flow control and

control the sending end voltagés, phase angle and line impedance compensation, while the shunt converter balances

impedanceX,, it can adequately control active and reactivi'€ active power flow and injects reactive power for voltage
power flow on a transmission line. stabilization of the sending end. Converters used for UPFC’s

are typically voltage sourced converters, having a capacitor as
Vs - Vg - sinp 0= Vs? — Vs - Vg - cosp ) (limited) DC energy storage.
X X The effect of a UPFC on active and reactive power flow
A UPFC consists of two AC-DC converters, connected baék shown in fasor representation in Figliie 2. For simplicity,
to back with their DC side. The AC sides are connected the resistive component of the line impedance is neglected.
the transmission line, one in shunt, the other in series of tResults and conclusions are not affected by this. In Figuré 2(a),
line by means of a coupling transformer. In Figlife 1, a orsending and receiving voltagés, Vz are shown with phase
wire schematic of a UPFC is depicted. Voltagés and V> and a current, which is perpendicular to the differenég —
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Vr because of neglecting the resistance of the line. Curre Vs i DL Moo L \
i can be decomposed into direct and quadrature compone
14,14, representing the active and reactive current, and there
the active and reactive power. For a given transmission li End
impedanceX, voltagesVg, Vi and phase anglg, active and UPFC
reactive power flow are fixed. In Figure 2(b), the injected serit i :
voltage V¢, with phase anglé to sending end voltag&’, = = =
influences directly the differencgs + Vo — Vg, resulting in - _ ) o
. . .Fig. 3. Equivalent Circuit of UPFC system for currents

control over the active and reactive power flow. The serie
converter will operate only in a certain amplitude boundary,
represented by a circle. Considering this limitation, arbitraryectior[y.
combinations ofi4, i, can be realized by controlling- and
0. The fasor representation is only useful for steady state II. MODELING OF UPFC ROWER SYSTEM
solutions, since dynamics can not be represented.

In an attempt to summarize the evolution of UPFC contrgl The .sy§tem.use_d to_ modgl th_e effect .Of the UP.FC on the
design for power flow control, the steps taken from dire&ansmssmn line is given in Figurg] 3 in one wire repre-

control, over decoupling control to cross-coupling control fromcntation. Sending and re_cel_vmg_end power soulées’s
direct and quadrature series injected voltagés;, Ve, to are connected by transmission I_mleL. The total current
active and reactive poweP,Q are a first import’ant qmile- drawn from the sending eng consists of the current flowing

i oy )
stone [1], [2]. These controllers were based on Pl COmrg]rough the linei; and the current exchanged with the shunt

structures, and did not intrinsically rely on system paramete%?nvertemp' Shunt transformer inductance and resistance are

A second step was taken by using cross-coupling control Wﬁﬁpresented by, andr,. Series transformer inductance and

direct control oscillation dampening [3], which enhanced pegsstance are assumed negligible compared to transmission

formance. Further controllers increase controller complexi ipe impedance, and are therefore not represented in Higure 3.

leaving the full potential of PI based controllers unexplored. A Powef sourc¢§/57 Vi are assumed to be infinite, meaning
next step introduced the instantaneous power concept, whg]r%t thelr amphtude and phase are not affected by changes
current references were calculated based on instantane! S‘Ct"(e or _re_actlve power demand and also thf'ﬂ no m_o_del
measurements of power, voltages and currents [4], [5], [6]. T gnamics orlglngte from the power sources. Th|§ simplifies
final step was incorporating power source basic control amJOdel construction and controller design. Assuming yoltage
dynamics into the system model, to optimize damping of intglupport by the shunt converter of the UPFC to sending end

area oscillations. The obtained model is called the Philipg.gWer ;ourchs makes the a}ssu.mp'tmn reasonable, while
mulation will show the relative indifference of controller

Heffron model of the power system and requires preci ¢ e 1o th lidity of thi tion for receivi
knowledge of numerous parameters of both transmission jRgrormance to the validity IS assumption for receiving
power sourc&.

and power sources. Controllers based on this model have hft
P he commonly accepted model used for the overhead trans-

controller complexity [7], [8], [9], [10]. . . ) .
In this paper, two controllers for the series converter of pission lines of Ie_ngths up 60 km consists of a series
inductance and resistance [11].

UPFC are proposed, maximizing the performance for Corq]_Connection transformers of series and shunt converters of
trollers based on Pl control structures. The controllers are

based on a dynamic and steady-state model inverse of H% UPFC as in Figurg] 1 are not explicitly included in the

- . mathematical model used for controller design. During sim-
power system. Exploiting system dynamics for control, con-

troller complexity is limited to two parallel Pl controllers forU|at'0n’ the transformer dynamics are incorporated however.

steady-state inverse controller, and four for dynamic inverérg's S|mpI|f|¢s model construction, and controller performance
would not differ much.

ller. Fi havi ith i i : . .
controller. First order system behavior with arbitrary time The power on which the power flow control is based will

constant of the controlled system is realized. Cross-coupli . : .
. . . . measured at sending end, meaning that it is formed by
of active and reactive power is suppressed, depending o ) L .
currenti, and the receiving end voltagés. Since shunt

on inductance/resistance ratio of the transmission line. The . p | d

control of the shunt converter is not discussed in the remaincﬁi‘?rnverter currepip IS psed or Vo tage support an DC.er'1ergy

of this work as it is only used for voltage control at theorage balancing without |r_1fluence on power flow, it is not
: oo necessary to further model it.

sending end, and to maintain the power balance between

shunt and series converter by energizing the DC capacitor. ]

Section[T) constructs the dynamic and steady state modéis Dynamic model

of a transmission line equipped with a UPFC. Secfioh Il Using the one wire model of Figufé 3, differential equations

present the design of the proposed dynamic and steady-sthtd describe the current, in three phases can be formu-

inverse controllers. To demonstrate robustness and insensitivéitied. Applying the Park transformation results in differential

to measurement noise, an altered transmission line is useplations indg space in equatiop] 3. Applying the Laplace

in simulation, with a mid-line load distorting the powertransformation results in transfer functions of the system, as in

flow equations and introducing different dynamics. Simulatioequatiorj #. Voltage¥,; andV;, are introduced in equatin 2 for

results are proposed in Sectipn| IV. Conclusions are drawnrintation simplicity. By substitution between the two transfer
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functions of equatiofi]4, equatiph 5 is obtained, where current& /¢ ence power control variables

flow changes

isa (8),isq (s) are given in function of voltage¥; (s) and Vea(s)
Vq (S) APres (s); AQres (5) A(s) Power P(s),Q(s)
— V;{/ Voo (s) | System [
Vd:‘/sd"‘r‘/cd_‘/;d (2) ' ™
V;I = Vsq + VC(I - ‘/T‘q Calculation of Actual power system

control variables

Lé ?Sd — -r w- L . z:Sd + Vi ) Fig. 4. Open Loop Control structure, whe#g(s) is used to linearize control.
—w- L —-r Vq Actual Power system dynamics may differ from those modeled

isq
, LV
(s+F) isa=w isg+ 7

4) B. Steady state model
(54 5) g =~ dua + @ g

o _ _ Applying the Final Value Theorerfs — 0) to the dynamic
By substitution between transfer functions in equafipn 4 thgstem equatiorfg 7, the steady state solutions for power flow

transfer functions of equatigr] 5 can be obtained. control can be found in equati¢n]10.
1 { (s+%) w } P =Py (Vi, V) + AP (V,) (10)
[?sd () ] B O Gt .{Vd (8>] (5) Q =Qo (V. Vi) + AQ (V)
isq () Vq (s)

Py (Vs,V,) and Qo (Vs,V,.) are the same as in equatiEh 8.
)

r\2
((+5)"+e2)
Active and reactive power at sending end are calculated aSAII’]lD( e) and AQ (V) can be found in equat|1

equatior p. AP (V) = Vig - Vsa-r Vi Vsd-w-L2
P () = Vaa (5) - 12 (5) + Vg (5) - inq (5) Pt w-I) @ LT
. . (6) A _ Vsd'W'L ‘/sd'r
Q (5) = Vsq (5) “lsd (5) — Vsa (5) “lsq (5) Q (V(') = Vea- r2 4 (w . L)Q — Veq s r2 4+ (w ] L)Q

As said befor_e, no dynamics are related to the power SOUrCeSTha controllable part of steady-state active and reactive
voltages, so |n.Lap_Iace do_mam., power source voltages E@ﬁﬁmer forms a plane in direct-quadrature spacé/@f, Vc,,.
constants. To simplify notation, it is assumed that by mea e steady-state based controller will use this information to

.Of a phasellocked Ioop the Park transformau_on IS perform%glculate the exact solution to the steady-state power flow
in phase with the sending end voltage, meaning Hat= 0. control problem

This results ifP.

P(s) =Py (Vs,V;) + AP (Ve (s)) @ I1l. CONTROLLER DESIGN
Q (s) =Qo (Vs, Vi) + AQ (Ve (s)) The two controllers here proposed use a model inverse
to linearize and decouple control, while a small controller
(Vsa = Veg) - —w-L-Vyy) realizes zero steady state error in closed loop control. Dynamic

Py (Vs, Vy) =Viq -

"2 (w-L)2 and steady-state inverse controller differ only in the used
(8) model inverse. Only one power system parameter necessary
(Vig-r4+w-L-(Vea— Vya)) ; . )
5 3 or design of here proposed controllers, namely the-ratio
4 (w- L) of the transmission line. Both controllers realize a first order
system behavior when system model is valid.

Qo (Vs, Vi) =Via -

Vesa-(L-s+r
AP (Vi () =+ Vea (5) - (Lo 4D |
(L-s+r)"+(w-L) A. Dynamic Inverse controller
+ Vg (5) - Vi '2“’ L 5 The controllable part of active and reactive power flow was
(L-s+7r)"+(w- L) (99 Modeled in equatiofi]9, and is repeated in matrix form in
_ Vsqg-w- L equatior} 1B. For notation simplicity, matrik(s) is introduced
AQ (Ve (8)) =+ Vea (5) (L-s+7)° 4 (w- L) in equatio. Notice thatl (s) = det A (s) - A (s) "
Vea - (L-s+1) (L-s+r) w-L
— Voo (5) - _
Q() (LS—|—T)2+((UL)2 A(S) |: w- L —(L'8+T):| (12)

Both active and reactive power consist of a uncontrollable

constant part, which is determined by power source volt- { AP (s) ] = LA(S). { Vea (s) ] (13)
ages and line impedance, and a controllable dynamic part, AQ (s) det A (s) Veq (8)

determined by converter voltage, as explicited in equdtjon The inverse of the power flow model in equatfor] 13 is given
System dynamics are different for direct and cross-coupléd equation| 1. This inverse could be used in an open-loop
control betweenP, ) and V4, V. The dynamic controller control system to calculate control signalz (s), Vg ()

to be designed will use the knowledge of these dynamicsito function of reference active and reactive power flows
compensate for them. APrcs (s),AQres (s) as in equation| 15. In Figurg| 4 a



Reference power control variables

control variable amplitude®c4, V. Series inverter output

flow changes (e . L . . .

APrs(5),AQuuy (5) Yealg) P(s).0) voltage is limited. If control variable amplitudes reach series
wer s),Q (s . . . .

— Ko™ Avﬁj) Veu (s) e - inverter output limits, applied control voltages are clipped.

AP(s).AQ(sh— - Compensation of the cross-coupled system dynamics is no

Calculation of Actual power system
control variables

o longer possible,_ first ord_er system characteristics are lost,
«— and cross-coupling of active and reactive power flow control
occurs.

Fig. 5. Closed Loop Control structure, where(s) is used to linearize ~ The value of parameteky,,, can be chosen arbitrarily. In

control and integratot / K 4, - s as controller. Actual Power system dynamicscgse the actual values of line inductance and resistance

may differ from those modeled are not available, but the ratib/r is, K, can be used to
compensate with the correct gain. This rafigr is commonly

own for transmission lines [11].

This controller is constructed by four Pl subcontrollers.
ac ch of the two controller outputs is formed by a two different
ystem dynamics. Each matrix element ﬁf“— will be

ormed by one PI controller. Two of these four will consist
only of an integrator.

schematic of such an open loop control system is shov\}ﬂ1
Calculating control variables by equatipn| 15 is however n
realizable, because of uncompensated zeroes in Laplace
main. Also, open loop control results in high sensitivity t
modeling error.

P7'ef (5) :PO (%a‘/;)+AP7ef (8) (14)
Qres (8) =Qo (Vs, Vi) + AQrey (s) B. Steady-State Inverse controller

The steady-state controllable component of active and reac-
{ Vea (8) } _ 1 CA(s) - [ AP (s) ] (15) tive power flow was calculated in equation 11, and is repeated
Veq (s) Vid AQrey (5) in matrix form in equatiofi 9. For ease of notatian, L has

Changing the controller topology to feedback loop contropeen replaced with¥,. To enhance controller performance,
using the system model inverse to linearize control and addifit§ dominant time constant is incorporated in the steady state
a linear controller, in this case an integrator, to compensaf®del. In other words, equatidn |19 is the solution to the
zeroes inA(s) results in calculation of control variablessteady-state power flow control problem, expanded with the
Vea, Voq as in equatiofi 6. In Figufg 5 a schematic of thidominant dynamics of the real system. This dominant time

closed loop control system is shown. constant originates from the transmission line’s inductance
resistance ratior = L/r.
{ Vea (8) } B 1 Al(s) [ AP,.r(s) — AP (s) ]
T Ky -5 | AQ. - A
Vo) |7 Kas Vs [ 8Qus (=000 L rapy 0w [ ][V
AQ | T-s+1 r2+ X2 | Xp —r Veq
The behavior of the controlled system can be estimated by (19)

combining the system model equation] 13 and the calculation

of the control variablef 16. This result in a controlled syste S|dgn of the steady- state” mverze cohntro]lcler Is_similar to
as in equatiofi 17, or simplified as in equatjon 18. the dynamic inverse controller an |s't ere orc not given in
extenso. An open loop controller using the inverse of the

[ AP (s) } _ 1 [ APrcy (s) — AP (s) ] (17) system in equatiof 19 would have an uncompensated zero.
AQ(s) | Kayn-s | AQrer(s) —AQ(s) A closed loop controller using the system model inverse
to linearize control and a linear controller, in this case an
[ AP (s) ] _ 1 _ { AP,cs(s) } (18) integrator, is formed in equatign [20.
AQ (S) Kdyn -5+ 1 AQref (5)

The correct interpretation of equatipn] 18 is that if the dynam:E Vea } — _Tes+l { rooXr } . { APy — AP ]
system model of equatign} 9 is a correct characterization of the"cq Via - Kgs - s Xp —r AQrer — AQ

actual power system, the dynamic inverse controller would (20)
realize a first order response to step changes in refereimilar as for the dynamic inverse controller, to estimate the
power flow Pc (s) , Qrey (s). Cross-coupling between activepehavior of the controlled system, equati¢ng 20 gnd 19 are

and reactive power flowP (s),Q (s) is fully suppressed. combined, the total system reduceg  21.
This assumes that the power souréés Vr demonstrate no

dynamics and that control variabl&s, Vo, stay within their [ AP } = ¥. [ Al ] (21)
range_ AQ ss S + 1 AQTEf

Using the same assumptions, the time constant of the c@uwrrect interpretation of equatign]21 is that the steady-state
trolled system can be chosen arbitrarily by changing parametiererse controller realizes a first order system response for
value —— Vo which represents the open loop gain of theteady state values, and steady-state cross-coupling is sup-
controlled” system. For smaller values &f;,,,, and thus for pressed, but dynamic cross-coupling not. Similar remarks as
smaller values of the controlled system’s time constant, &or the dynamic inverse controller abolit, representing the
equal step change in reference power flow will lead to biggeontrolled system time constant, are to be made hAig.



can be chosen arbitrarily; for decreasing valuesiqf, the
system’s time constant will decrease, but control variable
Vea, Voo amplitude will increase for equal step changes i | g sl
reference power flowP,..r,Q,.s. The steady-state inverse End
controller depends only on the ratib/r, where the exact 0
values can be compensated Ry;. 1 1
This controller is constructed by two PI subcontrollers. Eac.— - =
of the two controller outputs is formed by the main systelpI
dynamic% multiplied by a sum of inputs. Therefore each
output can be formed by one PI controller, making a total c*
two PI controllers.. ‘ ‘ ‘ ‘ — et

0.05- —~DeltaPmeas
~~~DeltaQmeas

End

g. 6. Network to test controllers’ performance and robustness

IV. SIMULATION RESULTS oy > ;

The proposed controllers are designed for a certain trat
mission line with knownL /r-ratio. Both controllers are then il \ : ;
tested in two different conditions. The first condition is thi |
design condition. The transmission line has the sameratio L
and the switching frequency is infinite, sending and receivir 02
end power sources are ideal; the controllers’ theoretical perfi
mance is shown. The second condition introduces a limitati
on switching frequency , a different transmission line with
a different L/r-ratio, and a non-infinite receiving end powerig. 7. AP, AQ for Dynamic inverse controller in design conditions
source. Assuming voltage support by the shunt convertor of
the UPFC to the sending end power source, it is simulated as
an infinite power source. In f|gu@ 6 the non-ideal transmissi(ﬂﬁ/erse controller demonstrate sufficient control bandwidth to
line is shown. By means of an intermediary lodg,r,, follow 5 Hz.
the receiving end power sourdé; appears as non-ideal for In Figures[® and 10 the dynamic and steady-state in-
transmission lineL,, ;. Both a series impedande,,r» and Verse controller are tested in non-ideal conditions as ex-
a shunt impedancé,, r, influence the apparent voltage andlained before. The steady-state responses to power flow
angle at the receiving end side of transmission liner;. The control references show that the controllers are both fairly
limited switching frequency introduces current and voltag@sensitive to modeling errord.(r-ratio), measurement noise
harmonics into the system.. The connected transformer wWilfmeas: @meas) and control noiseé/ . Cross-coupling now
act as a filter for these harmonics. This will reduce switchingPpears also for the dynamic inverse controller, since it's
noise, but also control bandwidth. A second order filter gompensation is no longer adapted; ratior of transmission
applied on measured power flow to visualize the filterintne has changed. The filtering function of the transformer
function of the transformer. System and controller parametég$luces the control bandwidth. This effect is stronger for the
can be found in Append|E]A Inverter construction can b@eady-state inverse controller than for the dynamlc Inverse
found in [12] and will not be discussed further. controller.

Block waves with a frequency of Hz are used as ac- EVen though inter-area oscillations could not occur in the
tive and reactive power references. To clearly visualize ti§émulation model, the control bandwidth suggest that both
dynamic performance of the controllers, only the controllegPntrollers would be able to dampen them. The oscillation
part of the power flow is shown, both for the reference valud@quency of inter-area oscillations is typically> — 2 Hz.
APrer, AQ, e as for the measured ValudsP,,cas; AQmeas- The limit qf con_trol bandwidth was not specifically measured

In Figure[T the dynamic inverse controller is simulated i these simulations, yet the responses toiitié- block wave
ideal design conditions. The response of controlled power fid&ference signal proof that it is higher thanfi .
to the block wave reference is indeed that of a first order
system, as expected from equafioh 18. Cross-coupling between V. CONCLUSION
active and reactive power flow control is non-existent. The dynamic power flow equations of a transmission line

In Figure[$ the steady-state inverse controller is simulateduipped with a UPFC have been analyzed in this paper.
in ideal design conditions. In the response of the controlledTwo controllers, based on the dynamic and the steady-
power flow to the block wave references, a resemblance to fissite power flow equations, are proposed. Simulations in ideal
order step response exists. There is no cross-coupling betwaad non ideal conditions have proven the robustness of these
active and reactive power flow for steady-state conditions, kedntrollers against modeling errors, measurement and control
dynamically there is. Every change in active or reactive pownoise.
flow is answered by a smaller change in the other componentThe controller based on the dynamic inverse demonstrates
Oscillations occur, but are damped. no cross-coupling of active and reactive power except when

In ideal conditions, both the dynamic and the steady-staiesigned./r-ratio differs from the actual value. The controller

100 MVA
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—_ APPENDIXA
ok ¢ et SIMULATION PARAMETERS
Ao e V=22 KV V=10 kV w=100-7 6= frad
YT T e | | X;=330Q R=11Q K=001 Ry=1kQ
<005} : 1 X; =11.4362 Q R; =4.3429 Q
S ik j . X, =1221515Q Ry = 6.6217 Q
AW B TV | S W Vetim = 0.1V
IS L ERER | = *\,.'" S Inverter capacitor voltage is limited tbkV and a connection
02 ' ¥ 1 transformer with ratiol5 was used. Transformer impedance

‘ ‘ assumed negligible in comparison to line impedance. Switch-
o i " fmeleodd o e ing frequency of converters is limited to 1 kHz.

A second order filter is used witt00 H z cut off frequency.

Fig. 8. AP, AQ for Steady-state inverse controller in design conditions
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