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Abstract— In recent decades, Unified Power Flow Controllers
(UPFCs) have become essential devices for enhancing the
flexibility and controllability of modern electrical transmission
networks. These devices facilitate the simultaneous control of local
bus voltage and the optimization of power flow within electrical
power transmission systems. The multilevel converter capability
to operate with high voltage levels while generating low-distortion
AC voltages, makes multilevel topologies suitable for UPFCs.
Within this framework, this paper presents a novel multilevel
converter topology and control strategy specifically designed for
UPFC applications. The proposed solution employs a dual inverter
topology driven by sliding mode direct power controllers, which
are controlled via decoupled Proportional-Integral (PI)
compensators. The characteristics, capabilities, and resulting
flexibility of the proposed UPFC and control subsystem is
validated through a series of simulation tests.

Keywords— Unified Power Flow Controller (UPFC), dual
inverter topology, dual inverter, direct power controller, decoupled
Proportional-Integral (PI) compensators.

I. INTRODUCTION

The global increase in electricity demand is exceeding
transmission networks capacity. Many existing transmission
lines, originally designed for local power distribution and
emergency backup, struggle to meet the requirements of
liberalized energy markets. Consequently, these lines become
critical infrastructures in the management of international power
flows. Under such conditions, power transmission systems often
operate near their stability limits, making them more vulnerable
to the widespread impacts of local faults. In this context, the
Unified Power Flow Controller (UPFC) represents one of the
most versatile solutions within the family of Flexible AC
Transmission Systems (FACTS), utilizing power electronics to
provide dynamic and precise control over power flows in
transmission networks [1-4].

The UPFC concept, first introduced in the early 1990s, is
based on two classical three-phase voltage-source inverters
(VSIs) configured in a back-to-back arrangement. Thus, a
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common DC voltage link is necessary, which requires high-
capacitance, high-voltage capacitors. This configuration enables
the UPFC to operate as a bidirectional AC-to-AC switching
power converter, enabling power flow in both directions
between the AC terminals of the two inverters [2]. Since the
UPFC introduction extensive research has been undertaken on
its converter topologies and on the associated control
techniques, focusing on both dynamic and static performance
characteristics [5-11]. The UPFC can regulate line parameters
such as bus voltage, voltage angle, and line impedance, thereby
wielding control over both active and reactive power of a
transmission line.

Most control methods for the UPFC rely on linearized power
system models, which exhibit slow and cross-coupled dynamic
responses concerning both active (P) and reactive (Q) power.
This reliance can lead to suboptimal dynamic performance and
undesirable instability [7-9]. To mitigate these challenges, non-
linear approaches have been proposed to enhance dynamic
responses and decouple the power system [10]. Regarding
UPFC topologies, reference [11] introduces a novel concept
known as matrix converter-based direct power control, which
substitutes the two inverters by a single matrix converter (MC).
The employed nonlinear robust controllers facilitate
improvements in dynamic response and power decoupling
through sliding mode control techniques. Additionally,
predictive control methods have been applied to the UPFC,
demonstrating that predictive control offers a promising solution
for power flow applications [12, 13]. Conversely, as indicated in
[10], UPFCs utilizing proportional-integral (PI) power control
exhibit significant cross-coupling between active and reactive
power responses. Consequently, it is essential to eliminate
transient cross-coupling and the strong interdependence between
active and reactive power responses by implementing decoupled
cascaded PI voltage and current controllers [ 14]. Another aspect
concerns the power electronic converter. In this case, the use of
multilevel topologies is highly recommended due to the power
associated with these systems [15-18]. Furthermore, modular
topologies are a very interesting solution for this type of
application [19].
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This paper introduces a new UPFC topology that employs a
dual inverter configuration connected to the power transmission
line. The dual inverter system consists of two conventional
three-phase, two-level inverters connected to a three-phase
transformer featuring an open-winding configuration on the
secondary side [20]. This structure enables the generation of
nine voltage levels on the AC side. The proposed UPFC concept
is realized by connecting two such dual inverter structures in a
back-to-back configuration [21]. The dual inverter configuration
offers the advantage of multilevel simpler operation, enabling
the generation of an AC output phase voltage with up to nine
levels [22]. This UPFC concept connects to the transmission line
on its AC sides using two coupling transformers, one for shunt
connection and one for series connection. To enable control, a
power transmission network model incorporating direct power
controllers is presented. The dual inverter structure of the UPFC
model is applied to the development of decoupled direct power
controllers, which manage both active (P) and reactive (Q)
power. To design the control system, simplified models of the
UPFC are used to create decoupled power controllers [7].
Additionally, sliding mode techniques are included to enhance
the UPFC's ride-through capability [23, 24]. The proposed
controllers regulate P and Q powers in the transmission line
while mitigating cross-coupling and maintaining balanced
capacitor DC voltages. The dynamic and steady-state
performance of the proposed P, Q controllers are evaluated and
analyzed through detailed simulations.

II. DYNAMIC MODELING OF THE UPFC POWER SYSTEM

The conventional UPFC employs two classical two-level
VSIs connected in a back-to-back configuration. UFC based on
multilevel converters also use two multilevel converters, such as
the Neutral Point Clamped (NPC) topology, also arranged in a
back-to-back manner. This study proposes an alternative
approach for the multilevel converter UPFC using dual two-
level inverter topologies in a back-to-back connection. Fig. 1
illustrates a block diagram of the proposed UPFC structure. One
of the dual inverter structures is linked to the power transmission
network through a shunt transformer (T;), while the other is
connected in series with a second transformer (T»). In this
configuration, Vs and Vi represent the sending-end and
receiving-end voltages, respectively. The VSIs are connected to
a transmission line, characterized by a series inductance and
resistance (L and R). This modular multilevel structure
distinguishes itself from other UPFC configurations based on
multilevel inverters.

Based on power flow theory and as illustrated in Fig. 1, the
flow of active and reactive power can be regulated by injecting
a voltage (V) vector with adjustable magnitude and phase angle
through a step-up series coupling open windings transformer
(T2). The shunt converter regulates the necessary active power
for the UPFC and typically manages the shunt reactive power.
Under steady-state conditions, the active power transfer between
the UPFC and the power system approaches zero, signifying a
stable DC-link voltage. To derive the dynamic model of the
power system for the design of active and reactive power
controllers, the balanced three-phase system assumed is
represented by an equivalent per-phase circuit of both voltage-
source inverters (VSIs) as depicted in Fig. 2. Using this
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simplified circuit, the dynamics of the three-phase transmission
line currents i; (with j=1,2,3) are expressed as follows:

Dual Shunt  Dual Series
T1 Converter  Converter

Fig. 2. Per phase equivalent circuit of transmission system with UPFC.

dij _ Vsj+Vc;—Rij=Vg;

= SUGTTR with =123
dt L

€]

By applying the Park transformation to the equivalent
circuit, the AC line current equations in the dg reference frame
are derived, as shown in (2):

diy R
O Id] 1[Via — VRd] )
ﬂ —w - 5 Iq L VLq - VRq

dt

In (2), the voltages V4 and Vi4 are introduced for notational
simplicity, where Vii=Vsit+Vca and Vig=Vss+Vc,. The converter
voltages Ves and Ve, are obtained by applying Park’s
transformation to the high voltage measurements at the primary
side of the shunt transformer. Thus, by solving (2) in the
frequency domain, the system dynamics are expressed as:

Id(s)]_ ol siin [VLd(s)—de<s) 3)
I,()] 7~ GL+R?+(@1)? |V1,4(S) — Vgq(s)

The P and Q powers at line sending side can be expressed in
the dg reference frame, by the following equation [25]:

P(S)] _ [VSd(S) VSq(s) ][ld(s)
Q) VSq(S) —Vsq(s)| g (s)

The proposed UPFC structure is based on a dual-inverter
configuration, employing two three-phase, two-level voltage
source inverters. Each inverter is connected to the terminals of a
shunt transformer with open windings, as shown in the detailed
scheme of Fig. 3. In this configuration, the AC-side voltages at
the converter inputs are determined by the switching states of the
power semiconductors and the levels of the DC voltage sources.
Based on the circuit analysis shown in Fig. 3, the dual converter
model is derived under the assumption of ideal power switches
(Sj), with the switching states represented by the time-dependent
variables v; (f) where i=1, 2 and j=1,2,3, as defined in (5).

“)

1, if Sij isON and S;; is OFF

- (t) = > 5
vy © {0, if Sij isON and $; is OFF )

o=
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Thus, the three-phase output voltages of the shunt and series
dual converters in function of the switch states, are given by (6).

101 |ID(.
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i
Three-Phase Transformer . t Vi
I
> Ve
R I. iy

102 lzu(

I EE i

> Vo Ve
'%%%T
Fig. 3. Dual two-level power converter structure.
Vi ver - 1 - 1 Y11 - 1 —17[Y21
Va| == V12 —1([V22 (6)
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Using the Clark-Concordia matrix transformation defined by
(7) on the previous model equations (6), the AC output voltages
in the af plane are obtained according (8).

|7 ol ”

Xp 1 X,
v V2
v | E-x -], e _1_af
o] _ |43 3 2| [Via (N3 TV TV [V
[VB] - 0 1 1 [Y1B] VCl 0 1 1 }/Zﬁ] VCZ (8)
vz vz V2

Based on the previous model equations and considering the
allowed switching combinations, 64 distinct voltage space
vectors are generated. Assuming equal DC-link capacitor
voltages (Vo= Vei= V) only 19 of these 64 possible
combinations apply distinct AC voltages [21].

By analyzing the AC side of the converters, the dynamic
behavior of the dual shunt converters AC currents in phase
coordinates (1,2,3) and the capacitor voltages of the converter,
as a function of the switch states of the is obtained, resulting in
the development of the converter model (9).

di, R
a L W] [2 -1 -1 Vc
d_tz =10 - 0 ||iz|— —1 2 =1(|Yz| 77
% . . _E i3 -1 —1 2 1lV13 o
dt L )
200
—1 -1 721 L . Y11
-1 2 -1 0 n 0f|V12
1 -1 2 723 1{LY13
|0 0 i

By applying the Park transformation to the model in phase
coordinates (9), the model in the d-¢q coordinates is obtained. In
this formulation, the variables ig, iz, Va1, Yg1> Yaz»> Yq2> Vsa> and
Vsq represent the dq frame components, at angular frequency w,
of the original variables i;, y;;, and V;, as shown in (10).
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dig R
dt _ L @ [id]+[— [ydl VDC
dig| ~ R|liq — Vq1
dt @ (10)
1
_ [_ ydz Vuc L
_ yqz 01
The dynamics of the DC link, can be given by:
ydl Yq1] [la IlDC
Idlq\ Yaz Vql” ] [lzpc an

Dynamic equations of the phase currents for the dual shunt
converters will be used in the design of the UPFC controllers.

III. DESIGN OF DECOUPLED DIRECT POWER CONTROLLERS

A. Decoupled of P and Q Power Controllers

The decoupled active and reactive power controllers are
derived from (4), assuming that the d-axis of the reference frame
is synchronized with the grid voltage, making Vg=0.
Considering Vs; approximately constant and Vs, virtually zero,
the expressions for active and reactive power are given in (12).

P =
{ (8) = Vsq()Ia(s) (12)
Q(s) = = Vsq(s)I4(s)
The expressions for active and reactive power in (12),
present constant components, (p.(s) and g.(s)), which are
determined by the source voltages and line impedance, as well

as dynamic controllable dynamic terms, APc(s) and AQc(s),
determined by the voltages injected by the series converter.

{P(S) = Pc(s) +APc(s)

(13)
Q(s) = qc(s) + AQc(s)
As indicated in (13), the terms pc(s) and g.(s), and the 4AP(s)
and 4Qc(s) are defined in (14) and (15), respectively.

(ol aitn [f549 = Vaal®) (14)

(SL+R)2+(wL)? Vra(s)

o) = 5

APC(S)] Voo )M[Vw(s) (15)
AQc(s) $aS) oz @n? |Vey(s)

To enable fast control response, the multi-input multi-output
(MIMO) system can be decoupled by analytically solving the
model in (15) for Veg and Ve, yielding the inverse dynamic
model presented in (16). This formulation reveals that the
control inputs Veqand Ve, are explicitly dependent on the power
reference dynamic components.

Vea (S)] sL + R wl [APC(S) (16)
Veq(s) —(sL + R)11AQc(s)
To ensure linear decouplmg and zero steady-state error in the
closed-loop control of Ap and Agp, a first-order decoupled

dynamic response with a defined time constant is adopted, as
proposed in [10], [14].

Vsa (S)
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[APC (] __1 [Ame(s) (17
AQc(s) sTp+1 AQCref(s)
Equations for AP(s), AQc(s) are derived directly from (17).

[APC(S) _ L[APCref(s) —APc(s) (18)
AQc(s) sTy | AQcref (5) — AQc(S)

Next, the expressions for Apc(s) and Apc(s) obtained from
(18), are substituted into the inverse dynamic model in (16) to
derive the controllers for Ap and Agp. The resulting control
variables are defined as follows:

Power Controller

AP, ()4 !Vw(s) Vea(s) AP(s)
Su Dual Series

|
|
|
|
|
|
|
|
|
|
|
o

Converter
and
UPFC

- [Transmission
1523

}/cq(s) Vep(s)
40,(s) - Vul| | ap 40d(s)

System

103R[NPOIAl N 1039 A dordg

Fig. 4. Block diagram of the decoupled control system for series converter.

SL+R
[Vm (s) 1 STp STp APcrer(s) — AP¢(s) 19
Vea()) = 75a® | @8 _ 5242| [AQgros () — AQe(s) (19)

Based on thls formulatlon, the decoupled control system is
shown in Fig. 4. The power control structure consists of two
proportional—integral (PI) loop compensators and two integral
cross-coupling  compensators, which together enable
independent linear control of active and reactive powers, by
enforcing the Vg and Ve, voltages components, using a PWM
modulator. These reference voltages are then transformed into a
o stationary reference frame and applied to the series converter
through space vector PWM modulator.

B. Design of a Space Vector Controller for the Series
Converter

To control the series dual inverter, a fast and robust voltage
regulation strategy based on the sliding mode control (SMC)
technique is implemented. Given that the converter switches are
operated through the af vectorial modulation scheme, two
separate control laws are employed. Thus, by applying the
Concordia transformation to the control variables Veq and Ve,
and averaging V¢, and Vg over one switching period 7, to
control the output voltage in the af reference frame. The voltage
tracking errors in the aff frame are then defined as follows:

{eCa = VCaref —Vea =0

2

ecg = VC[i’ref
Assuming first-order dynamic behavior for the controller,
the evolution of the voltage error components can be expressed
as:
bea =€
Cca — 7 €C
a T a (21)

. 1
ecﬁ = Fecﬁ
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These equations can be written in compact state-space form

as:
1
€ca F
dat eC[s’ 0

Substituting in (22) the error value by expression (20) and
solving in order to V¢, and Vep. Then, rearranged and integrated
with respect to a generalized time variable 7, resulting in:

e(:ﬁ

e
T

v, e
Ca 1| dt Caref
=—= +
VCB] T [decs de [Vcﬁref] (23)

dt

This approach represents a feedforward control strategy in
which the output voltage is modulated based on the predictive
integration of error dynamics.

C. Control Strategy for the Shunt Converter

As shown in Fig. 1, the dual shunt converter operates mostly
in rectifier mode, supplying active power to the dual series
converter, while keeping the common DC bus voltage at its
reference value, Vpc=Vpcrr: Additionally, the shunt converter is
responsible for controlling the reactive power injected at the
point of connection. Since the input currents exhibit faster
dynamics compared to the slower dynamics of the DC bus
voltage Vpc the voltage regulation task can be addressed by
controlling the reference shunt current /y.s; thereby ensuring
voltage stability. This control is achieved using a PI controller
with proportional and integral gains, denoted by Kpc and Ky,
respectively.

lores = KDC(VDC - VDCref) + Ky fOT(VDc - VDCref) dt 24)

The reactive power control of the dual shunt converter is
performed by regulating /., defined as Iyrer = - Qref Vsa.

The sliding surfaces used to control the state variables i,g,
currents, obtained from /4.r and I, through the inverse Park
transformation, are defined as follows [23]:

Saﬁ (eia,;,t) = iaﬁ) =0 (25)

The convergence of the system will be ensured by the
controller, according to a sliding mode stability condition:

Sap(iap t)Sap (€iap t) < O (26)

Fig. 5 shows the block diagram of the control system for the
dual shunt inverters.

. e ag /1] sia S
Slidin;
Vocrer s To the Dual
Mode Vector Shunt

Vbe
Alqrel .

KiaB (iaﬁ’ref -

Converters

aff Modulator

—>»S3

Fig. 5. Block diagram of the control system for the dual shunt converters.

The DC voltage balance of the dual converters will be
achieved by using redundant voltage space vectors. To
implement this strategy, a vector modulator operating in the af
reference frame is employed, as also depicted in Fig. 6.
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IV. SIMULATION RESULTS

To assess the performance of the proposed decoupled power
controller applied to the UPFC configuration, a network model,
configured with the parameters shown in Fig. 6, was utilized.
The power generation units are represented by three-phase
synchronous machines equipped with exciters and driven by
hydraulic or wind turbines. These machines include governors,
power system stabilizers, and output transformers. All
components are modeled using the MATLAB/Simulink
SymPowerSystems toolbox. The dual inverter model was before
tested through a laboratory prototype, as in [26].

Sw=1000MVA Su=10MVA
RL=6.1Q
X0,=33.83Q
Pos=640MW
Qoy=160MVAr
Sin=450MVA 2xL1(220kV) Si1=450MVA
T, R1i=0.18% 2T, Rp1=0.18%
Xri=11.75% Xri=11.75%
RL=2.560
X12=27.04Q Poi=160MW
uPFC Qu=40MVAr
1 L(400kV)

Fig. 6. Network model and parameters used for performance evaluation.

The selected test configuration for the transmission network
includes a 220 kV subsystem operating in parallel with a 400 kV
subsystem. To assess the proposed controllers, several tests were
carried out using detailed simulation models implemented in
MATLAB/Simulink. The simulation scenarios were designed to
assess the controllers under both steady-state and dynamic
conditions, based on transitions in active (P) and reactive (Q)
power references.

The following figures present switching simulation results
under steady-state conditions. Fig. 7 shows simulated P and O
power flows using the proposed dual-inverter configuration with
decoupled direct power controllers. As shown, the controller
effectively tracks the power references, with P,.,= 240MW and
Ores = 80MVAr. Fig. 8 depicts the corresponding output AC
currents at the low-voltage side of the dual series converters,
while Fig. 9 shows the capacitor voltages under the same
operating conditions. The simulation results confirm that the
obtained P and Q power follow the defined references.
Additionally, the line currents exhibit a sinusoidal shape, and the
proposed voltage balancing strategy for the DC-link capacitors

demonstrates satisfactory performance.
8
5 =10

IS
o
S
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R VU v v

P[W] QVAT]

I I I i
0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [s]

Fig. 7. Active and reactive power flow in the transmission line.

Figs. 10 to 12 present simulation results used to evaluate
several system dynamic responses under P and Q power
reference transitions. Namely, Fig. 10 illustrates the step
response of the P and Q powers in the dual series converters
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operating as a UPFC controller, subject to reference changes of

APer=100 MW and AQ,.r= 50 MVAr. The step changes in P,

and Qroccur at = 0.5s and AC currents at the low-voltage side

of the dual series converters, while Fig. 12 presents the capacitor

voltages under the same operating conditions.
4000

—_—iV,
a

v,

v

ORI

-2000

2000 -

Current [A]

4000 I I I I I I I
02 021 022 023 024 025 026 027 028 029 03

Time [s]
Fig. 8. Waveforms of the output currents AC in the low voltage of the series
converters.

Voltage [V]

0.5

0.2 0.21 0.22 0.23 024 025 026 027 028 029 0.3
Time [s]

Fig. 9. Waveforms of the capacitors voltages (V¢ and V)

For both power transitions, the tracking performance is
nearly ideal, with negligible cross-coupling between the active
and reactive power, as each is independently regulated.
However, changes in either the active or reactive power
setpoints cause the dual series converters, operating as a UPFC,
to function with a leading power factor, which results in
increased ripple content. Also, the line currents remain close to
sinusoidal for both P and Q power transitions. The capacitor
voltage equalization is also maintained, even under transient
operating conditions.

5 x10°

4 Pwr
. : [P JRP P J AAA S Qra(
= |
%, f/v
O AAAMAAAAA
=2
o
; [+
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Time [s]
Fig. 10. Active and reactive power response for an P and Q step
(4Pref=100MW and 4Qref=50MV Ar) respectively in =0.5s and =0.9s

4000
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-2000

Current [A]

-4000 : i o : i 1
0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
Time [s]
Fig. 11. AC output currents in the low voltage of the series converters for a

APre=100MW and 40r~50MV Ar) respectively in =0.5s and =0.9s.

ICRERAIZODRensed use limited to: b-on: Instituto Politecnico de Lisboa. Downloaded on September 23,2026 at 15:02:16 UTC from IEEE Xplore. Restrictions apply. 29?2



2025 14th International Conference on Renewable Energy Research and Applications

4
2 X 10
Ver
Ve
1.5 Vetrer
vV,
Ciref
=
@
2 1
s
=
0.5
o i . . H s i i .
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Time [s]
Fig. 12. Waveforms of the capacitors voltages for a APr~100MW and
AQre=50MVAr, respectively in /=0.5s and =0.9s).

V. CONCLUSION

This paper has presented a novel control approach for a
UPFC based on dual-inverter multilevel converter topologies.
The dual converters are controlled through a sliding mode vector
modulator combined with direct power controllers, which are
driven by decoupled PI compensators. A dynamic model of the
dual-inverter-based UPFC is developed and applied to derive
decoupled direct active and reactive power controllers, enabling
effective control of active and reactive power flow.

The proposed method enables precise and independent
control of active and reactive power by employing decoupled
direct power controllers. Simulation results confirm the
effectiveness of the strategy, the power flow control, decoupled
dynamic behavior, and zero steady-state error. These results
validate the suitability of the proposed control scheme for UPFC
applications based on dual-inverter structures.
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