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Abstract

A conventional unified power flow controllers (UPFCs) can provide power flow con-

trol and voltage regulation in medium voltage (MV) distribution networks using partially

rated converters. However, one of the main challenges of using the conventional UPFC

is the unique design of the series interfacing transformer. This paper investigates a mod-

ified topology of a UPFC suitable for MV distribution networks. The modified UPFC

does not need an interfacing series transformer. Hence, it offers a smaller size, lighter

weight, and less cost than the conventional UPFC. It consists of single-phase back-to-

back series and shunt voltage source converters. The series converters are connected to

a distribution network without a series transformer, while the shunt converters are inter-

faced using a three-phase shunt transformer. The power ratings of the series and shunt

converters were investigated considering a distribution network with a low X/R ratio. The

modified UPFC was modelled in MATLAB Simulink and was connected to a two-busbar

distribution network and the enhanced IEEE 33-bus distribution network. The results

showed the ability of the modified UPFC to independently control active and reactive

power in a distribution feeder by processing a fraction of the power transfer through the

converters.

1 INTRODUCTION

Decarbonisation of the energy sector includes more low carbon

technologies (LCTs) such as solar photovoltaic (PV) systems

and wind turbines [1]. The main challenges limiting more of

LCTs, that will often be connected to distribution networks,

are voltage rise and network congestion [2]. At present, the

operation of distribution networks is passive. New devices

are required to provide distribution network operators with

the means of controlling the power flow and improving the

utilisation of existing distribution networks.

In the UK, the accumulated capacity of solar photovoltaics

generation connected to the distribution networks has increased

to 12.9 GW and wind generation to 5.7 GW [3]. The growth in

renewable generation has increased the supply of green elec-

tricity. Still, it has imposed operational challenges as renewable

energy is intermittent, and the output does not necessarily

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
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coincide with the local demand. The distribution networks

should be adapted to accommodate more of renewable genera-

tion at the lowest cost and maximum flexibility [4].

Power electronic devices (e.g. voltage source converters

[VSCs]) can be used to provide power flow control in

medium voltage (MV) distribution networks, similar to the well-

established flexible AC transmission systems (FACTs) and MV

motor drive systems. This is demonstrated by several projects

that have been trialling new configurations and arrangements

of power electronic converters in MV distribution networks

[5–10].

Back-to-back (B2B) connection of VSCs is the most com-

mon configuration of power electronic devices in MV distribu-

tion networks that are interfaced to distribution networks using

line-frequency interfacing transformers. Several studies were

conducted to quantify the benefits of installing fully rated B2B

VSCs in MV distribution networks [11, 12]. The fully rated B2B

IET Gener. Transm. Distrib. 2022;1–11. wileyonlinelibrary.com/iet-gtd 1
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FIGURE 1 Circuit diagram of a conventional UPFC in MV distribution

networks

VSCs provided power flow control and increased the distributed

generators (DGs) hosting capacity of distribution networks [13,

14].

Despite the benefits of installing B2B VSCs, they have not

been widely deployed in MV distribution networks, as they are

expensive. The cost and size of the fully rated converters and

interfacing transformers account for the lack of applications of

fully rated B2B VSCs in MV distribution networks.

The series connection of VSCs is an alternative solution to

control power flow in distribution networks similar to the well-

established unified power flow controller (UPFC), that has been

demonstrated in some transmission systems [15–17]. Figure 1

shows a conventional UPFC for applications in MV distribution

networks.

In contrast to fully rated B2B VSCs, the series connection

of a UPFC offers a solution with partially rated converters and

interfacing transformers that reduce its size, weight, and total

cost. For example, an 11 kV/400 V, 2 MVA shunt transformer

has a size and weight of 5.5 m3 and 4500 kg. These are only 1.8

m3 and 1600 kg for a 0.5 MVA shunt transformer of the same

voltage rating [18, 19].

One of the main challenges of using a conventional UPFC

is the series interfacing transformer. It has unique design char-

acteristics such as (1) a small capacity, (2) the network-side

windings are fully insulated and must withstand the net-

work short-circuit current, and (3) the magnetic core has an

over-excitation tolerance [20].

This paper investigates a modified topology of a UPFC in

MV distribution networks. Figure 2 shows a schematic diagram

of the modified UPFC. It can provide power flow control simi-

lar to a UPFC without an interfacing series transformer. Hence,

it offers a smaller size and less cost. The removal of the series

transformer is also adopted in the soft power bridge (SPB)

device being trialled by the UK Power Networks project enti-

tled ‘Active Response to Distribution Network Constraints’ [21],

indicating business benefits of removing this part.

The series connection of the modified UPFC is performed

using three separate single-phase converters directly connected

C
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+–
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converters

Shunt 

converters

Shunt 

Transformer

CC

AC Filter AC Filter AC Filter

FIGURE 2 Circuit diagram of the modified UPFC in MV distribution

networks

in series to an MV distribution network instead of a three-phase

converter interfaced using a three-phase series transformer in a

UPFC. The modified UPFC has three separate DC-link buses.

The shunt converters are connected B2B to the series con-

verters, and they are interfaced to a distribution network using

a three-phase interfacing shunt transformer. The shunt con-

verters of the modified UPFC can be either single-phase or

three-phase converters. In this paper, single-phase shunt con-

verters were used. Three-phase converters require smaller DC-

link capacitance, though they require more IGBT modules and

a more complex three-phase multi-winding shunt transformer.

The single-phase converters of the modified UPFC were built

using a three-level neutral-point-clamped (NPC) topology. The

three-level topology reduces the blocking voltage of the insu-

lated gate bipolar transistors (IGBTs) and provides AC voltage

with lower harmonic distortion compared to a two-level topol-

ogy [22]. It has also been used for MV motor drive applications

(e.g. GE MV7000) [23].

Power flow equations were derived for a simple two-busbar

distribution network with a modified UPFC connected to a dis-

tribution feeder with a low X/R ratio. The operating principles

of the modified UPFC were presented and procedures for sizing

the series and shunt converters were developed. Proportional-

resonant (PR) controllers were used to operate the single-phase

series and shunt VSCs in power flow control mode. The series

converters operated in the P–Q control scheme and the shunt

converters in the Vdc–Q control scheme.

Step changes of active and reactive power and power flow

reversal were performed to test the performance of the mod-

ified UPFC model connected to a two-busbar distribution

network and the enhanced IEEE 33-bus distribution network.

2 MODIFIED UPFC IN MV
DISTRIBUTION NETWORKS

Figure 3 shows the equivalent circuit of the modified UPFC in

a two-busbar distribution network. In such MV network, the
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FIGURE 3 Equivalent circuit of the modified UPFC

distribution feeder has low X/R ratio. Therefore, it is repre-

sented by a series impedance Z̄ where |Z̄ | =
√

R2 + X 2 and

𝜃 = tan−1(X∕R). The series converter is modelled as a con-

trolled voltage source and the shunt converter as a controlled

current source.

The series converter injects a controllable voltage

V se = |V se|∠𝜌 where |V se| =
√

Vd ,se
2 +Vq,se

2
and

tan 𝜌 = Vq,se∕Vd ,se . Voltage V se is added to voltage V 1 making

the resultant voltage V 1

′
= |V 1

′|∠𝛿s whose magnitude and

power angle is controlled to achieve the target active and

reactive power P2 and Q2. Figure 4 shows the phasor diagram

developed using the equivalent circuit in Figure 3 to explain the

role of the series converter.

Current I = |I |∠𝜙 flows through the series converter results

in active and reactive power exchange (Pse ,Qse) with the con-

nected AC network. Only the active power Pse flows through

the DC link.

The shunt converter regulates current I sh = Ish,d + j Ish,q ,

where Ish,d and Ish,q are the active and reactive current compo-

nents of I sh. Ish,d is determined by the requirement of balancing

the active power Pse of the series converter. Ish,q can be set to

achieve a reference voltage or a reference reactive power (i.e.

provide voltage regulation of V 1) within the power capacity of

the converter.

The voltage V 1

′
and current I are o.btained, as in (1).

⎧⎪⎨⎪⎩

V 1

′
= V 1 +V se

I =
V 1

′
−V 2|||Z
|||∠𝜃

(1)

The apparent power S 2 at busbar 2 is given, as in (2).

S 2 = V 2 ⋅ I
∗
= V 2 ⋅

⎛
⎜⎜⎝

V ′
1 −V 2

|||Z
||| ∠𝜃

⎞
⎟⎟⎠

∗

= P2 + j Q2 (2)

ρ 
Vse 

V1 

V2 
I

V1
'
 

δs

δ0
ϕ 

δ1'-2

Vd,se 

Vq,se 

FIGURE 4 Phasor diagram explaining the role of the series converter

Using (2), the active and reactive power (P2, Q2 ) at busbar 2

are given, as in (3).

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P2 =

|||V 1
||| ×

|||V 2
|||

|||Z
|||

cos(𝛿0 + 𝜃) −

|||V 2
|||
2

|||Z
|||

cos 𝜃

⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟
Uncompensated active power

+

|||V 2
||| ×

|||V se
|||

|||Z
|||

cos(𝛿0 + 𝜃 − 𝜌)

⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟
Controllable active power

Q2 =

|||V 1
||| ×

|||V 2
|||

|||Z
|||

sin(𝛿0 + 𝜃) −

|||V 2
|||
2

|||Z
|||

sin 𝜃

⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟
Uncompensated reactive power

+

|||V 2
||| ×

|||V se
|||

|||Z
|||

sin(𝛿0 + 𝜃 − 𝜌)

⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟
Controllable reactive power

(3)

Equation (3) shows that V se affects both P2 and Q2. How-

ever, if the series converters are deactivated (i.e. V se = 0), the

uncompensated active and reactive power P2
′

and Q2
′

are given,

as in (4).

⎧
⎪⎪⎨⎪⎪⎩

P2
′ =

|||V 1
|||×
|||V 2

||||||Z
|||

cos(𝛿0 + 𝜃) −
|||V 2

|||
2

|||Z
|||

cos 𝜃

Q2
′ =

|||V 1
|||×
|||V 2

||||||Z
|||

sin(𝛿0 + 𝜃) −
|||V 2

|||
2

|||Z
|||

sin 𝜃

(4)

The difference between (3) and (4) is the controllable active

and reactive power Pc and Qc of the modified UPFC (i.e.

Pc = P2 − P2
′

and Qc = Q2 − Q2
′
). Pc and Qc are given, as

in (5).

⎧⎪⎨⎪⎩

Pc =
|||V 2⋅V se

|||
Z

cos(𝛿0 + 𝜃 − 𝜌)

Qc =
|||V 2⋅V se

|||
Z

sin(𝛿0 + 𝜃 − 𝜌)

(5)

Further simplifying (5) yields an expression of V se , as in (6).

|||V se
||| =

|||Z
|||

|||V 2
|||

√
Pc

2 + Qc
2 , 𝜌 = (𝛿0 + 𝜃 − tan−1(

Qc

Pc
)) (6)

Equation (6) shows that |V se| is a function of |Z |, Pc , Qc and

|V 2|.
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FIGURE 5 PQ diagrams of power transfer showing controllable active

and reactive power when power flow reversal occurs; (a) from A to B, and (b)

from A′ to B′

3 POWER RATINGS OF THE SERIES
AND SHUNT CONVERTERS

The series and the shunt converters’ power ratings must ful-

fil the maximum apparent power |S se| and |S sh| exchanged

between the converters and the connected AC network such

as |V se| ⋅ |I | ≤ |S se| and |V 1| ⋅ |I sh| ≤ |S sh|. The active power

exchanged by the series and shunt converters is equal (i.e.

Pse = Psh), assuming lossless converters. The series and shunt

converters independently exchange reactive power with the

network.

3.1 Series converter

The power rating of the series converter can be estimated by

calculating voltage |V se| using (6). Note that |V se| is advanta-

geously smaller in MV distribution networks than transmission

networks due to the smaller impedance.

The controllable power Pcand Qc depend on the operating

range of the modified UPFC. Figure 5 shows the PQ diagrams

of the power transferred through an AC distribution feeder and

is used to present two examples for the controllable power Pc

and Qc when

√
Pc

2 + Qc
2

is maximum. Figure 5a shows power

flow reversal occurs from point A (1.0 pu, 0 pu) to point B (−1.0

pu, 0 pu), where the per-unit values in each bracket are the active

and reactive power. Figure 5b shows power flow reversal occurs

from point A′ (0.8 pu, 0.6 pu) to point B′ (′0.8 pu, ′0.6 pu). In

both cases,

√
Pc

2 + Qc
2

has a maximum value of 2.0 pu.

Vdc
2

0

C1

C2

Vab

b

a

S1

S2

S3

S4

S5
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S7

S8

1

Vdc
2

1
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D3

D4

+

+

_

_

Leg aLeg b

FIGURE 6 A single-phase three-level full-bridge NPC converter

Assuming |V 2| is 0.95 pu, and |Z | ranges between 5% and

10%. Using (6), |V se| ranges between 0.105 pu and 0.210 pu. As

current |I | is 1.0 pu, the apparent power of the series converter

|S se| ranges between 0.105 pu and 0.210 pu.

3.2 Shunt converter

The power rating of the shunt converter can be estimated by

calculating current |I sh| whose direct component Ish,d is propor-

tional to the active power Psh, and quadrature component Ish,q to

the reactive power Qsh (i.e. Psh ∝ Ish,d and Qsh ∝ Ish,q).

The power rating of the shunt converter must be at least as

large as the active power of the series converter. Assuming the

series converter operates at full load and unity power factor,

the apparent power of the shunt converter is at least equal to

the apparent power of the series converter (i.e. |S se| = |S sh|). In

this case, the minimum apparent power of the shunt converter

ranges between 0.105 pu and 0.210 pu. Additional capacity

is required to provide the reactive current needed for voltage

regulation.

4 CONTROL SCHEME

4.1 SPWM of a single-phase three-level
NPC converter

Figure 6 shows the circuit configuration of a single-phase three-

level full-bridge NPC converter. The DC voltage Vdc is split

into three voltage levels +1∕2Vdc , −1∕2Vdc and zero by the two

series-connected capacitors.

Sinusoidal pulse-width modulation (SPWM) was used to gen-

erate the gate signals (S1→S8) for the IGBTs. Figure 7 shows

the operating principles of the SPWM for a single-phase three-

level full-bridge NPC converter. Two modulating signals, ma and

mb, are compared with two triangle signals C1 and C2, to gen-

erate the gate signals (S1→S4) and (S5→S8) of leg-a and leg-b,

as shown in Figure 7a [24]. The output voltages Va0 of leg-a

and Vb0 of leg-b are shown in Figure 7b. The output voltage
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(a) 

(b) 

(c) 

FIGURE 7 Operating principles of SPWM; (a) reference and carrier

signals, (b) voltage of leg a and b, and (c) output voltage

Vab of the single-phase three-level NPC converter is shown in

Figure 7c.

4.2 Power flow control mode

The modified UPFC was controlled to operate in power flow

control mode. The series converters operate in P–Q control

scheme to regulate active and reactive power of a distribution

feeder. The shunt converters operate in Vdc–Q control scheme

to maintain constant DC voltages across the DC-link buses and

provide/absorb reactive power Qsh at the point of connection

(e.g. busbar V 1).

PI controllers are not well suited for single-phase convert-

ers. They require computational effort to provide an orthogonal

component (i.e. β axis component) of voltages and currents

in the αβ frame [25]. An alternative to synchronous dq frame

PI controllers is stationary frame PR controllers. A PR con-

troller combines a proportional gain and a resonant path tuned

at the desired frequency [26]. The basic transfer function of a

PR controller Gc (s) is given, as in (7).

Gc (s) = Kp +
Ki

s2 + wr s + w0
2

(7)

where Kp and Ki are the proportional and integral gains, wr and

w0 are the resonant cut-off frequency and the resonant target

frequency [27].

Figure 8 shows the control loops of the modified UPFC.

Figure 8a shows the control loops of the series converter. The

control of P1 and Q1 is achieved by regulating current I of the

distribution feeder. The current I is regulated by injecting the

corresponding voltage V se . The reference active and reactive

power P1
∗

and Q1
∗

are transformed into dq current compo-

nents Id
∗ = P1

∗∕1.5Vd and Iq
∗ = −Q1

∗∕1.5Vd , where Vd is

the direct component of voltage V 1. The dq current compo-

nents Id
∗

and Iq
∗

are transformed into αβ current components

I𝛼
∗

and I𝛽
∗

using dq–αβ transformation. A phase-locked loop

(PLL) is used to generate the phase information 𝜃 of V 1. Two

separate anti-windup PR controllers are used to regulate the αβ

current components I𝛼 and I𝛽 of the current I [28]. The output

of the PR controllers is the modulating signals m𝛼,se and m𝛽,se
in αβ frame, and they are converted into mse,abc in abc frame

using αβ–abc transformation. SPWM is used to generate the

gate signals (S1,abc→S8,abc) to drive the IGBTs of the three single-

phase series converters. Thus, the series converters generate the

voltages (Vse,a, Vse,b, and Vse,c ) that maintain the errors between

the reference and measured currents (I𝛼
∗ − I𝛼) and (I𝛽

∗ − I𝛽)

minimal. Hence, P1 and Q1 will be maintained close to P1
∗

and

Q1
∗
.

The DC-link voltage constrains the maximum series voltage.

The maximum series voltage should be calculated first depend-

ing on the feeder’s impedance and the controllable power, then

the DC-link voltage is determined. The anti-windup controllers

in Figure 8 ensure that the controllers’ outputs do not exceed the

modulation limits. Current limiters for Id
∗

and Iq
∗

are inserted

in Figure 8a to limit overcurrent during disturbances.

Figure 8b shows three separate control loops that are used

to control the three single-phase shunt converters. Vdc
∗

and

Qsh
∗

are the reference DC voltage and reactive power of the

shunt converters. The error signals of the DC voltages ΔVdc,a,

ΔVdc,b, and ΔVdc,c and of the reactive power ΔQsh,a, ΔQsh,b,

and ΔQsh,care manipulated using PI controllers to generate the

reference direct and quadrature current components Id ,a
∗ +

j Iq,a
∗
, Id ,b

∗ + j Iq,b
∗
, and Id ,c

∗ + j Iq,c
∗

of the single-phase shunt

converters. The reference current of each single-phase shunt

converter is determined as given in (8).

iabc
∗(t ) = Id ,abc

∗
sin(𝜃abc ) + Iq,abc

∗
cos(𝜃abc ) (8)

The PR controllers track the reference currents iabc
∗(t ) and

generate the modulating signals msh,abc before being converted

into PWM signals to drive the IGBTs.
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FIGURE 8 Control loops of the modified UPFC: (a) series converters and (b) shunt converters

4.3 Second-order filter

The measured feedback DC voltage signal (i.e. Vdc,a, Vdc,b, and

Vdc,c ) has a DC voltage component and a ripple component.

The ripple component is mainly double frequency harmonics

that inherently exist with single-phase converters.

Second-order digital filters H (s) are connected to the mea-

sured feedback voltage signals to extract the DC voltage

components and prevent the ripple components from being

introduced to the control loops, hence improving the control

loops’ performance. The transfer function H (s) is given, as in

(9).

H (s) = 1 −
2𝜉w0s

s2 + 2𝜉w0s + w0
2

(9)

where w0 and 𝜉 are the desired double frequency harmonics and

the damping factor. Using w0 = 200𝜋 and 𝜉 = 0.05, the Bode

diagram in Figure 9 was obtained and the magnitude (dB) shows

that the transfer function provided very low gain around the

resonant frequency w0 = 200𝜋.

FIGURE 9 Bode diagram of second-order filter

5 SIMULATION RESULTS

Figure 10 shows the case study used to conduct the simulation

analysis. Figure 10a shows the modified UPFC model that was

built in MATLAB Simulink using the switched representation of

single-phase three-level NPC converters. Figures 10b and 10c
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FIGURE 10 Case study implemented in Simulink: (a) modified UPFC

model, (b) a two-busbar distribution network, and (c) the enhanced IEEE

33-bus distribution network [29]

show a two-busbar distribution network and the enhanced

IEEE 33-bus benchmark distribution network used to test the

performance of the modified UPFC by performing several step

changes of active and reactive power and power flow reversal.

5.1 A simple two-busbar distribution
network

The modified UPFC was connected to an 11 kV, 5 MVA distri-

bution feeder of a two-busbar distribution network as shown

in Figure 10b. The impedance of the distribution feeder is

0.053 pu, X/R of 2.0. The base voltage and apparent power are

11 kV and 5 MVA. Referring to Section 3.1, the series voltage

is approximately 10%. As a result, the series voltage |V se| was

TABLE 1 Parameters of the modified UPFC model

Parameters Value

Filter inductance, Lse 150 µH

DC capacitance, C 12 mF

DC-link voltage, Vdc 1,200 V

Rated power of series converter, Sse 630 kVA

Rated power of shunt converter, Ssh 630 kVA

Shunt transformer 11/1.6 kV, 630 kVA, Ztr = 6%

considered 750 V (phase-voltage). Table 1 shows the parameters

of the modified UPFC model shown in Figure 10a.

The minimum DC voltage for a single phase VSC is obtained

from Vph,peak = m Vdc , where (m) is the modulation index. A

10% reserve voltage was considered together with the minimum

DC voltage to ensure proper operation during transients and to

consider the voltage drop across the interfacing impedance (e.g.

series AC filter and shunt transformer) [30]. As |V se| = 750 V

rms, then Vph,peak =
√

2 × 750 and the maximum modulation

index (m) of SPWM is 1.0, the DC voltage Vdc was selected to

be 1,200 V.

The voltage rating of the IGBTs was selected such that the

summation of the DC voltage, ripple voltage, and turn off over-

shoot voltage is restricted to 70% of IGBT’s nominal voltage

rating [30]. Given that the blocking voltage of the IGBTs is

half of the DC voltage (i.e. 600 V) and the feeders’ nomi-

nal power is 5 MVA, the Infineon IGBTs of 1.2 kV, 300 A

(FF1800R17IP5BPSA1) were selected. The IGBT unit price is

approximately 1,537£ [31]. Note that the series converters are

vulnerable to immediate overvoltages and overcurrents during

external faults. In [32], a protection circuit was proposed to

bypass the series converter in a few milliseconds when external

faults occur on the distribution network.

Several criteria should be considered when selecting a DC-

link capacitor, such as capacitor technology (e.g. film and

electrolytic), voltage rating, and current stresses [33]. The DC-

link capacitance was calculated from C ≥
S1−ph

𝜔 Vdc ΔVdc

[34]. Given

that S1-ph = 210 kVA, ∆Vdc = 4%, and Vdc = 1,200 V, the

required DC-link capacitance is 12 µF. The DC-link capacitance

can be achieved by a capacitor bank, for example, 10 capacitors

in parallel and each of 1,290 µF and 1,300 V (WIMA DC-link

MKP 6HP [35]). The weight of a single capacitor is approxi-

mately 4.3 kg and has a diameter of 116 mm and a height of

342 mm. The total weight and volume of the DC-link capacitors

are 43 kg and 0.036 m3. The DC-link capacitors do not burden

the system too much, given that the 630 kVA interfacing shunt

transformer has a weight and volume of approximately 1,900 kg

and 2.12 m3[18].

Figure 11 shows the response of the modified UPFC model

to control signals to step change active and reactive power P1

and Q1 at 0.4 s, 0.8 s, and 1.2 s, and reverse P1 and Q1 at 1.6 s,

2.0, and 2.4 s. Figure 11a shows accurate and fast-tracking per-

formance to P1
∗

and Q1
∗
. At t = 0.4 s, P1 was increased to 4

MW, while Q1 was maintained constant at 1 MVAr. At t = 0.8 s,
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FIGURE 11 Response of the modified UPFC in a two-busbar network:

(a) active and reactive power flow, (b) converters’ active and reactive power, and

(c) DC-link voltages

Q1 was increased to 3 MVAr and the distribution feeder trans-

ferred its full capacity (i.e. 5 MVA). At t = 1.2 s, P1 and Q1 were

decreased to 2 MW and 1 MVAr. At t = 1.6 s, P1 was reversed

to −2 MW, while Q1 was maintained constant, then at t = 2.0

s, Q1 was reversed to -1 MVAr, while P1 was kept unchanged at

−2 MW. At t = 2.4 s, P1 was reversed to 2 MW, while Q1 was

maintained constant at −1 MVAr. These demonstrate the abil-

ity of the modified UPFC to independently control active and

reactive power of the distribution feeder.

FIGURE 12 Active and reactive power reversal: (a) feeders’ active and

reactive power and (b) converters’ active and reactive power

Figure 11b shows the active and reactive power of the series

and shunt converters. The active power exchanged by the series

converters approximately equals the active power of the shunt

converters (i.e. Pse + Psh ≈ 0) in the steady-state, apart from the

active losses absorbed to supply the converters’ and the shunt

transformer’s internal losses. The series converters exchanged

reactive power Qse , while the reactive power of the shunt con-

verters Qsh was set to zero. Figure 11c shows that the DC voltage

controllers well regulated the DC voltages of the DC-link buses.

Figure 12 shows power flow reversal of P1 and Q1 occurred at

t= 0.5 s. Before t= 0.5 s, the uncompensated active and reactive

power flow from busbar 1 to busbar 2 were 4 MW and 3 MVAr.

After t = 0.5 s, the power flow was reversed to −4 MW and

−3 MVAr as shown in Figure 12a. In this case, the controllable

power was maximum (i.e.

√
Pc

2 + Qc
2 = 2.0pu).

Figure 12b shows active and the reactive power of the series

and shunt converters. Before t = 0.5 s, the series and shunt con-

verters exchanged zero active and reactive power. After t = 0.5

s, the series converters operated at its full capacity of apparent

power and supplied active power of 261 kW and reactive power

of 500 kVAr. The shunt converters absorbed 276 kW to sup-

ply the active power requested by the series converters, while no

reactive power was provided at busbar V 1 (i.e. Qsh = 0).

Figure 13 shows the output voltage of the three single-phase

series converters. Before t= 0.5 s, |V se| was zero. After t= 0.5 s,
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FIGURE 13 Maximum series voltage

FIGURE 14 Current of Busbar 1 at full load

|V se| was increased to 685 V phase-rms (i.e. |V se| = 10.7%).

Figure 14 shows current I 1 of busbar 1 when the distribution

feeder operated at full load with 262 A rms. The total harmonic

distortion of the current I 1 was 1.35%.

5.2 Enhanced IEEE 33-bus distribution
network

The enhanced IEEE 33-bus distribution network shown in

Figure 10c was used to verify the performance of the modi-

fied UPFC in a benchmark distribution network. It has 33 buses

and three looping branches (i.e. switchable tie lines). The net-

work voltage is 11 kV, and the total active and reactive power

of loads are 3.7 MW and 1.8 MVAr. The detailed parameters of

the network are provided in [29]. The modified UPFC is used to

regulate the power transfer between buses 12 and 22. The nom-

inal power transfer is 1.2 MVA (i.e.

√
PT

2 + QT
2
≤1.2 MVA).

The apparent power of the series, shunt converters, and shunt

interfacing transformer of the modified UPFC are 150 kVA (i.e.

12.5% of 1.2 MVA).

Figure 15 shows the simulated performance of the modified

UPFC in response to control signals to change active and reac-

FIGURE 15 Response of the modified UPFC in the enhanced IEEE

33-bus network: (a) active and reactive power flow, (b) converters’ active and

reactive power, and (c) DC-link voltage

tive power PT and QT between buses 12 and 22 of the enhanced

IEEE 33-bus distribution network. Figure 15a shows accurate

and fast-tracking performance to the reference active and reac-

tive power PT
∗

and QT
∗
. Before t = 0.4 s, the modified UPFC

regulated the power PT and QT at 0.5 MW and 0.25 MVAr.

After t = 0.4 s and 0.8 s, the power PT and QT were indepen-

dently increased to 1.0 MW and 0.5 MVAr, then decreased to 0.5

MW and 0.25 MVAr after t = 1.2 s and 1.6 s. After t = 2.0 s and
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2.4 s, PT and QT were reversed to −0.5 MW and -0.25 MVAr.

Figure 15b shows the active and reactive power of the series

and shunt converters. The series converters exchanged active

and reactive power with the AC network. The shunt converters

supplied/absorbed the active power requested by the series con-

verter (i.e. Pse ≈ Psh). The reactive power of the shunt converters

was set to zero (Qsh = 0). Figure 15c shows the DC-link volt-

ages. The DC-link voltages are well regulated to their reference

values.

6 CONCLUSION

The UPFC was modified for use in medium voltage distribu-

tion networks by eliminating the interfacing series transformer.

The modified UPFC was built in MATLAB Simulink using

the switched representation of single-phase three-level NPC

converters and were controlled in power flow control mode.

The single-phase series converters operated in the P–Q control

scheme and regulated a distribution feeder’s active and reac-

tive power. The single-phase shunt converters operated in the

Vdc–Q control scheme and maintained constant DC voltages.

The control scheme provided an accurate and fast response

during several step changes of active and reactive power and

power flow reversal. The modified UPFC model demonstrated

its capability to control the power flow of distribution networks

using partially rated converters. Future work includes perform-

ing a cost–benefit analysis using single-phase and three-phase

shunt converters.
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