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Abstract--This paper presents a novel configuration for a 

unified power flow controller (UPFC) comprising a modular 

multilevel cascaded converter (MMCC) with a full-bridge inverter. 

The MMCC has one end of each phase-leg shunt-connected to the 

transmission line. The other end connects in parallel to the primary 

terminals of a series line transformer, and the ac output terminals 

of a full-bridge dc-ac inverter. The submodules in the MMCC are 

full-bridge flying capacitor converters. This UPFC is compared to 

another type of MMCC-UPFC which uses double-star 

configuration, and submodules of half-bridge chopper type; this is 

referred to as the Double Star Chopper Cells UPFC (DSCC-UPFC). 

The comparison is in terms of footprint, cost and performance. The 

new topology is lighter, more efficient and cheaper than the DSCC. 

Its operating principle and control scheme, which combines the 

regulation of voltage and of transmission line power flow, are 

presented. Simulation studies for the proposed MMCC-UPFC 

realising power flow control in a dual voltage sourced power 

network are presented and show good performance under varying 

operation conditions. The paper also evaluates the power control 

margins of this device. 

Index Terms—Modular multilevel converters; Flexible AC 

transmission systems; Power control. 

I.   INTRODUCTION 

ecent advances in power electronics have encouraged 

progress in Flexible AC Transmission Systems (FACTS), 

with sophisticated configurations and control techniques for 

managing power flow in large utility networks. These devices 

offer power quality improvement, highly flexible control and 

fault tolerance in power systems. Transmission loss, power 

transfer capability and reliability may all be improved. 

Amongst all the FACTS devices, the Unified Power Flow 

Controller (UPFC) is the most versatile [1]. It can 

simultaneously realise voltage regulation, line impedance 

compensation and phase angle adjustment, and harmonic 

reduction; it offers independent control of real and reactive 

power flows along the compensated transmission lines and 

increases power transfer stability margins [2, 3]. 

The conventional UPFC configuration is a combination of 

two voltage source converters (VSCs), connected ‘back-to-

back’ through a common dc-link. One of the VSCs is 

connected in parallel with the transmission line through a 

voltage step-down transformer. The other is connected in 

series with the transmission line through a series transformer. 

The former performs functions of regulating voltages of the 

point of common coupling (PCC), giving real power 

exchanges between the two VSCs, and maintaining the dc-link 

capacitor voltage at its nominal level. The series VSC controls 

real and reactive power flows along the transmission line by 

injecting a 4-quadrant controllable ac voltage to the primary 

side of a transformer. As it can be seen, both the dc-link bus 

and interfacing transformers cannot be neglected as the former 

offers real power supplement for the VSC2 from VSC1, and the 

latter provides voltage matching and galvanic isolation 

between the device and transmission line. However, the 

requirement of a bulky transformer increases cost, losses and 

footprint [4], as well as reduces dynamic response speed. To 

eliminate the disadvantages several alternative UPFC 

topologies have been investigated [5-7], but they still have 

drawbacks such as requiring bulky transformers on both sides. 

Within the last decade, the modular multilevel converters 

(MMC) have made a significant contribution to the medium 

and high voltage power system due to its modularity, reliability 

and high power density [8, 9], hence the MMC-based UPFC 

applications have also gained attention [10-13]. In the recent 

published literatures, authors have contributed to the MMC-

UPFC modelling, its interaction with power system and 

control strategies under abnormal grid conditions. In [14] A. 

M. Vural et al presented a detailed simulation model of the 

MMC-UPFC. The harmonic influence in grid caused by this 

type of devices is studied in [15]. Also, in order to analyse the 

power system stability and low-frequency oscillation 

characteristics, a small-signal model of the MMC-UPFC is 

proposed [16]. In this paper the authors also listed existing six 

UPFC projects including three MMC based structures around 

the world. Under unbalanced grid conditions, a symmetric 

component control is investigated to balance the transmission 

line current by using the MMC-UPFC [17]. It also presented a 

voltage limit control to protect the device from over-

modulation. Recently Yang et al introduced a model predictive 

control scheme for the MMC-UPFC under unbalanced 

conditions [18]. The paper claimed that UPFC can be 

controlled flexibly by regulating the reference power factor in 

a cost function. 

Most MMC-UPFCs reported in the literature are based on 

the Double Star Chopper Cells (DSCC) as shown in Fig. 1. 

This is configured by 3-phase top and bottom arms connected 

respective to the +ve and –ve dc-buses while each arm consists 

of equal number of chopper (half bridge) submodules in chain 

link and filter inductor. This configuration is more expensive 

and complicated to control than the one based on Single Star 

Bridge Cells (SSBC)[19]. An alternative nine-arm MMC-

UPFC topology thus is proposed in [20], which can reduce the 
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number of required submodules by 25% and inductors by 50%. 

However, it still requires large footprint and cost since the 

submodules are based on half bridge circuit. 
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Fig. 1. A simplified distribution system with DSCC-UPFC  

This paper proposes a single star Modular Multilevel 

Cascaded Converter-based UPFC (MMCC-UPFC). Unlike the 

conventional MMC-UPFC structure which is based on two 

DSCCs connecting back-to-back via a common dc-link, in this 

configuration the two VSCs are linked on the ac side directly. 

Section II of this paper describes the MMCC-UPFC system 

structure and operating principle; Section III compares the 

novel configuration with the DSCC-UPFC topology from 

different aspects in a real world environment; The control 

strategies of the shunt MMCC and series converter of the 

UPFC are given in Section IV. Simulation studies are 

discussed in Section V showing the effectiveness and 

controllability of the device. Finally, Section VI assesses the 

power transfer margin of a transmission line that the UPFC can 

improve and as well as its operation range. 

II.   MMFCC-BASED UPFC SYSTEM DESCRIPTION 

A.   Novel MMCC-UPFC circuit with 3-phase distribution 

system 

The proposed structure of a grid-connected MMCC-UPFC 

is shown in Fig. 2. VS0_ABC and VR_ABC represent respectively 

the sending and receiving end voltages of a 3-phase balanced 

network linked by a transmission line. An MMCC is shunt-

connected to the Point of Common Coupling (PCC) as VSC1, 

which contains multiple submodules (SM) in each phase so 

that it can meet the distribution voltage level requirement. The 

SMs could be either full H-bridge (HB) or any other converter 

topologies, here the 3-level Flying capacitor converter (FCC) 

is used. Hence each SM consists of eight transistors, three 

capacitors; an outer one Cdc1, and two inner flying capacitors. 

Each SM can synthesis five voltage levels; ±Vdc, ±0.75Vdc, 

±0.5Vdc, ±0.25Vdc and 0 Volt. The number of chained SMs 

may vary according to the transmission line voltage rating and 

the dc capacitor voltage per module. On the series side of the 

UPFC a 2-level bridge converter is connected to the 

transmission line via a series transformer. Its 3 phases’ ac sides 

are connected to a three-phase transformer whose primary side 

windings are connected in series with the transmission line. 

This UPFC structure has the following advantages: 

• Full modularity and flexibility in adjusting voltage levels 

since each SM can be individually controlled and bypassed 

when fault occurs. 

• The requirement of total SM number and control 

complexity is reduced. 

• It is shunt connected to the transmission line through an 

inductor filter, thus no bulky transformer at the shunt 

section is required. 

• There are no shared capacitors between the shunt MMCC 

and the series VSC, but each SM has its own capacitors. 

B.   Operating principle 

The UPFC equivalent circuit and its voltage and current 

phasor diagram are illustrated in Fig. 3. The series transformer 

is a Y-∆ connection and a desired √3𝑉𝑐2𝑠∠(δ − 30°)  is 

generated at the converter side. This will be converted to 𝑉𝑐2𝑝∠δ of 30º phase angle leading at the transmission line 

side. The current flowing out from the series converter is 𝐼𝑐⃑⃑  , 
which should be controlled in quadrature with its voltage 𝑉𝑐2𝑠⃑⃑ ⃑⃑ ⃑⃑  ⃑ 
and thus entirely reactive. Moreover, the shunt converter 

voltage is in between with the PCC voltage and series 
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Fig. 2. A 3-phase distribution system with novel MMCC-UPFC circuit diagram 



 

converter voltage, thus can be derived as (𝑉𝑠⃑⃑⃑  − 𝑉𝑐2s⃑⃑ ⃑⃑ ⃑⃑  ⃑), which is 

equivalent to the MMCC’s voltage 𝑉𝑐1⃑⃑ ⃑⃑  ⃑  plus inductor filter 

voltage drop 𝑉𝑓⃑⃑  ⃑ . The current generated by the MMCC is 

according to the series converter and transmission line current 

as (𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑ ⃑⃑ ⃑⃑  ⃑), which is also perpendicular with its voltage 𝑉𝑐1⃑⃑ ⃑⃑  ⃑ and therefore entirely reactive. 

2Iline-Ic Iline

Ic-Iline

Vc2p

Vc2s

Iline

Ic

Vf

Vc1

Vc2s

XL

V
S

-V
c
2
s

VS

VS0 VR

 
(a)  

θi 
VR

Vs
0

ic-iline

VC2p(VC2s)
Vs-Vc2s

Vf

Vc1

ic
iline

δ θR 

jilineXL

VD

θD 

 
(b) 

Fig. 3. (a) MMCC-UPFC equivalent circuit; (b) its voltage and current 

phasor diagram 

The current flowing through the MMCC plays an important 

role in controlling both shunt submodules and series converter 

dc capacitor voltages, as it controls not only PCC voltage 

regulation, but also the two converters’ current in quadrature 
with their voltages. However, losses in the devices exist which 

consume real power, hence an additional control to 

compensate losses of real power is required for the MMCC. It 

is expected that it can generate exact current for the purpose of 

zero active power exchange between the two converters. The 

details of control strategy are introduced in the Section IV. 

III.   COMPARING WITH THE DSCC-UPFC CONFIGURATION 

The key criteria to compare the novel single star MMCC-

UPFC configuration and SMs with the DSCC-UPFC are the 

footprint, cost and performance under the same voltage rating. 

Fig. 4 shows the general arrangement of an MMCC single arm 

in high voltage platform [21, 22]. As well-known, one half-

bridge SM circuit essentially consists of one capacitor, one 

switch module (in pair) and gate electronics [23]. The size 

percentages of each components based on it are listed in Table 

I. Similarly, one H-bridge contains one capacitor, two switch 

modules and gate electronics; one FCC bridge includes three 

capacitors, four switch modules and gate electronics, 

respectively. Therefore, the H-bridge and FCC bridge cells can 

be regarded as 140% and 240% Xsm (depth) of the half-bridge 

circuit, as shown in Fig. 4. Besides, there are also insulators 

between each two layers to provide insulations. 

Assume that the UPFC is installed in an 11 kV distribution 

system, Table I gives a list of the key components typically 

used for this voltage level [24]. The comparisons are as 

follows: 

TABLE I 

KEY COMPONENTS FOR MMC HALF-BRIDGE SUBMODULE ANALYSIS 

Component 
Manufacture Part 

No. 
Rating 

Cost 

(£) 
Size 

IGBT 
Switch 

Module 

Infineon 

IKW30N60TFKSA1 

600V,  

30A 

7.5 

(pair) 

20% of 

half-

bridge 
submodule 

Capacitor 
Nichicon 

LGL2G561MELB40 
400V, 

560μF 
10.54 

Typical 

50%-60% 

of half-
bridge 

submodule  

Gate 

Electronics 

Microsemi 
ProASIC3 FPGA 

Board 

Only key 

parts are 
considered 

6.75 

20% of 
half-

bridge 

submodule 

LEM LV 25-P 

Voltage Transducer 
59.93 

Gate drive & 

Isolation (ACPL-

332J; 
MEV1S0515SC) 

12.85 

Heat Sink 
Fisher elektronics 

SK105/105SA 
Rth=2K/W 6.58 - 

 

Footprint: The MMCC footprint calculation for each phase 

is based on the height and width of the platform, as shown in 

Fig. 4. Xsm is the depth (d) of the platform and X is the total 

width (w) which is according to the SM numbers per tier nsm, 

while Y is the total height (h) based on the height of each SM, 

Ysm; the insulation clearance gap distance between tiers, Ycd, 

and the number of tiers nt. nt is limited by the local building 

height and may be restricted by planning regulations, hence set 

as fixed values of 7 for all cases in this paper [21]. 
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Fig. 4. MMCC single phase footprint 

Therefore, the footprint of this MMCC arm can be 

calculated as 𝑋𝑌𝑋𝑠𝑚 = [𝑛𝑡𝑌𝑠𝑚 + (𝑛𝑡 + 1)𝑌𝑐𝑑]𝑛𝑠𝑚𝑋𝑠𝑚     (1) 



 

where 𝑌𝑐𝑑 = USCD ∗ voltage rating/𝑛𝑡 , USCD is the unified 

specific creepage distance and specified as 3.5 cm/kV in 

IEC60185 [25]. Ysm is based on a Heat Sink, and has the largest 

size of 20 cm, and Xsm is assumed to be three times of the height 

which equals to 60 cm. Hence, the 3-phase single star MMCC-

UPFC and DSCC-UPFC footprint for an 11 kV level 

application can be calculated as Table II.  

TABLE II 

ESTIMATED FOOTPRINT COMPARISON OF PROPOSED UPFC AND DSCC-UPFC 

 

Single star based - UPFC DSCC -UPFC 

Shunt 
side 

Series 
side 

Shunt 
side 

Series 
side 

Shunt 
side 

Series 
side 

SM 

type 

3- 

level 
h-

bridge 

Bridge 
converter 

5-level 

flying 

capacitor 

Bridge 
converter 

2-

level 
half 

bridge 

2-

level 
half 

bridge 
SM 

Qty. 

per 

phase 

28 1 14 1 112 112 

Tiers 

No.(nt) 
7 1 7 1 7 7 

h*d*w 

(m3) 
19.1 23.1 105.8 

 

Cost: The overall cost is estimated according to the number 

of key components and their corresponding prices which are 

listed in Table I. It is worth mentioning that the component 

numbers are different not only because of the MMCC 

configurations, but also due to the calculation based on 

different SM types, as shown in Table III. 

TABLE III 

ESTIMATED COST COMPARISON OF PROPOSED UPFC AND DSCC-UPFC 

 

Single star based – UPFC DSCC -UPFC 

Shunt 
side 

Series 
side 

Shunt 
side 

Series 
side 

Shunt 
side 

Series 
side 

SM type 

3- 

level 

h-

bridge 

Bridge 

converter 

5-level 

flying 

capacitor 

Bridge 

converter 

2-

level 

half 

bridge 

2-level 

half 

bridge 

No. of 

switch 

module  
168 3 168 3 336 336 

No. of 

capacitor 
84 1 168 1 336 336 

No. of 

FPGA 
84 1 42 1 336 336 

No. of 

voltage 

transducer 
84 1 126 1 336 336 

No. of gate 

drive 
336 6 336 6 672 672 

No. of heat 

sink 
168 3 168 3 336 336 

Estimated 

Cost (£) 
13366 16485 78624 

 

Performance: Performance involves not only the number of 

switching states of different types of SMs to give the same 

voltage output (redundancy), but also the control complexity. 

The redundancy is regarded as an advantage for MMCC, 

which helps to charge or discharge the SM capacitors in 

various switching states hence guarantee minimal converter 

down time. Its calculation is based on the SM number and 

transition switching state numbers. For example, the total 

switching states number of a 2-level half bridge cell is 2, a 3-

level h-bridge cell is 4, and could be as much as 28 for a 5-

level flying capacitor cell. The control complexity is based on 

the number of control schemes required to meet correct 

operation of the UPFC application. Table IV lists the 

performance comparisons of the different SMs for the two 

UPFC configuration.  

TABLE IV 
PERFORMANCE COMPARISON OF PROPOSED UPFC AND DSCC-UPFC 

 
Single star based - UPFC 

DSCC -

UPFC 
Shunt 

side 

Series 

side 

Shunt 

side 

Series 

side 

Shunt 

side 

Series 

side 

SM type 

3- 

level 

h-

bridge 

Bridge 

converter 

5-level 

flying 

capacitor 

Bridge 

converter 

2-

level 

half 

bridge 

2-

level 

half 

bridge 

Redundancy 336 - 1176 - 672 672 

Control 

complexity 

Cluster control 

Top & 

Bottom arm 

cluster control 

Submodule control 
Submodule 

control 

- 
Common dc-

link control 

- 
Circulating 

current 

control 

 

A filled radar is designed based on the above comparisons in 

order to display the ranking of different SM topologies and 

configurations for the UPFC application while 5 is the highest-

ranking score and 0 is the lowest, as shown in Fig. 5. It can be 

seen clearly that a single star-based UPFC could be much 

cheaper, lighter and simpler control than the DSCC 

counterpart, while the latter can provide the highest 

redundancy due to the MMCs on its both shunt and series 

sides. However, a single star based UPFC assembled by the 

flying capacitor SMs can also provide a high enough 

redundancy, but only needs to cost around 20% of the DSCC-

UPFC price and space. 

 

Fig. 5. Filled radar ranking of the MMCs in UPFC application 

IV.   CONTROL STRATEGIES 

The control scheme of the proposed UPFC is divided into 

two main parts: control the series-connected converter ac side 

voltages in order to regulate the power flow from the sending 

to receiving ends; regulate the current flow through the shunt 

MMCC for voltage regulation at the sending line while 

maintaining all the dc capacitor voltages balanced. The overall 

control strategy flowchart is illustrated in Fig. 6 shown in two 

colours representing the two respective control parts:  

• Series converter voltage control: This involves calculating 

the required series converter voltage 𝑉𝑐2_𝑟𝑒𝑓 according to 

the reference real and reactive power commands. 



 

• Shunt MMCC control: This requires calculating the 
current through shunt converter which equals the 
difference between the series converter current and the 

current through the line side current (𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑ ⃑⃑ ⃑⃑  ⃑). This is 

via feedback control of the overall dc capacitor voltage. 
An additional dc capacitors voltage control is included to 
ensure the converters’ voltage vector is perpendicular to 
their currents and thus no active power exchange between 
the two converters. Meantime, the MMCC is also 
controlled to compensate reactive current in order to 
regulate the PCC voltage. 
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Fig. 6. Overall control strategies flowchart for the MMCC-UPFC 

A.   Series converter reference voltage generation 

The control of transmission line power flow depends on the 

voltage 𝑉𝑐2𝑠⃑⃑ ⃑⃑ ⃑⃑  ⃑  generated by the series converter and its 

converted value 𝑉𝑐2𝑝⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  at the transmission lime side. Note that 

all the calculations are taken the sending bus voltage as the 

reference. Therefore, the equation for power flow under the 

UPFC control can be written as 𝑃𝑟𝑒𝑓 + 𝑗𝑄𝑟𝑒𝑓 = 𝑉𝑅⃑⃑⃑⃑ 𝐼𝑙𝑖𝑛𝑒⃑⃑⃑⃑ ⃑⃑⃑⃑  ∗ = 𝑉𝑅⃑⃑⃑⃑ (𝑉𝑆⃑⃑  ⃑ − 𝑉𝑅⃑⃑⃑⃑ − 𝑉𝑐2𝑝⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  𝑗𝑋𝐿 )∗
 = [𝑉𝑅𝑉𝑐2𝑝 sin(𝜃𝑅−𝛿)−𝑉𝑆𝑉𝑅 sin𝜃𝑅𝑋𝐿 ] + 𝑗 [𝑉𝑆𝑉𝑅 cos 𝜃𝑅−𝑉𝑅2−𝑉𝑅𝑉𝑐2𝑝 cos(𝜃𝑅−𝛿)𝑋𝐿 ] (2) 

where 𝑃𝑟𝑒𝑓  and 𝑄𝑟𝑒𝑓  are the user-defined transmission line 

real and reactive power demands. Initially, without the UPFC 

control, the power flow along the transmission line under the 

same condition is 𝑃0 + 𝑗𝑄0 = −𝑉𝑆𝑉𝑅 sin𝜃𝑅𝑋𝐿 + 𝑗 𝑉𝑆𝑉𝑅 cos𝜃𝑅−𝑉𝑅2𝑋𝐿    (3) 

Therefore, the ‘injected’ real power 𝑃𝐶  and reactive power 𝑄𝐶  by the UPFC device can be calculated as 

{𝑃𝐶 = 𝑃𝑟𝑒𝑓 − 𝑃0 = 𝑉𝑅𝑉𝑐2𝑝 sin(𝜃𝑅−𝛿)𝑋𝐿𝑄𝐶 = 𝑄𝑟𝑒𝑓 − 𝑄0 = −𝑉𝑅𝑉𝑐2𝑝 cos(𝜃𝑅−𝛿)𝑋𝐿
     (4) 

From the above equation set, the required magnitude 𝑉𝑐2𝑝 

and angle 𝛿 can be illustrated as 𝑉𝑐2𝑝 = 𝑋𝐿𝑉𝑅 √𝑃𝐶2 + 𝑄𝐶2  = 𝑋𝐿𝑉𝑅 √(𝑃𝑟𝑒𝑓 + 𝑉𝑆𝑉𝑅 sin 𝜃𝑅𝑋𝐿 )2 + (𝑄𝑟𝑒𝑓 − 𝑉𝑆𝑉𝑅 cos 𝜃𝑅−𝑉𝑅2𝑋𝐿 )2
     (5) 

𝛿 = 𝜃𝑅 − arctan (𝑃𝐶𝑄𝐶) = 𝜃𝑅 − arctan( 𝑃𝑟𝑒𝑓+𝑉𝑆𝑉𝑅sin𝜃𝑅𝑋𝐿𝑄𝑟𝑒𝑓−𝑉𝑆𝑉𝑅cos𝜃𝑅−𝑉𝑅2𝑋𝐿 )   (6) 

The series converter reference voltage 𝑉𝑐2_𝑟𝑒𝑓⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ thus can be 

derived by the calculated transformer primary side magnitude 𝑉𝑐2𝑝 and its angle 𝛿, 𝑉𝑐2_𝑟𝑒𝑓⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ = 𝑉𝑐2𝑝√3 ∠(𝛿 − 30°). 

B.   Shunt MMCC reference current generation 

Having obtained the reference voltage vector for the series 

converter, evaluation of MMCC-STATCOM reference current 

vector is needed and depending on the series converter current 

vector, 𝐼𝑐⃑⃑  . The angle of 𝐼𝑐⃑⃑   is ∠𝐼𝑐⃑⃑  = 𝛿 − 120°  and the 

magnitude can be derived as follow: 

Assuming the active power drawn by the shunt MMCC is 

zero and can be written as 𝑃1 = 0 = (𝑉𝑠⃑⃑⃑  − 𝑉𝑐2𝑠⃑⃑ ⃑⃑ ⃑⃑  ⃑ − 𝑉𝑓⃑⃑  ⃑) × (𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑⃑⃑ ⃑⃑⃑⃑  )               = (𝑉𝑠⃑⃑⃑  − 𝑉𝑐2𝑠⃑⃑ ⃑⃑ ⃑⃑  ⃑ − 𝑍𝑓(𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑⃑⃑ ⃑⃑⃑⃑  )) × (𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑⃑⃑ ⃑⃑⃑⃑  )               = 𝑍𝑓𝐼𝑐2 − 𝑉𝑠𝐼𝑐 sin 𝛿 + 𝑉𝑠𝐼𝑙𝑖𝑛𝑒 cos 𝜃𝑖  +𝑍𝑓𝐼𝑙𝑖𝑛𝑒2 − 𝑉𝑐2𝑠𝐼𝑙𝑖𝑛𝑒 cos(𝛿 − 𝜃𝑖)   (7) 

Thus, 𝐼𝑐 can be regarded as the only unknown of the above 

quadratic equation. Its ∆ is derived as follow. ∆= (𝑉𝑠 sin 𝛿)2 − 4𝑍𝑓(𝑉𝑠𝐼𝑙𝑖𝑛𝑒 cos 𝜃𝑖 + 𝑍𝑓𝐼𝑙𝑖𝑛𝑒2
   −𝑉𝑐2𝑠𝐼𝑙𝑖𝑛𝑒 cos(𝛿 − 𝜃𝑖))         (8) 

This equation can only be solved when  ∆≥ 0 , otherwise 

there is no solution of 𝐼𝑐, which means the UPFC cannot work 

under that condition, thus 𝐼𝑐 = 𝑉𝑠 sin 𝛿±√∆2𝑍𝑓           (9) 

So, 𝐼𝑐⃑⃑  = 𝑉𝑠 sin 𝛿±√∆2𝑍𝑓 ∠𝛿 − 90° and subsequently the shunt 

MMCC reference current can be derived through (𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑ ⃑⃑ ⃑⃑  ⃑). 

However, in practice a certain amount of real power is 

required to compensate the converter losses, hence the MMCC 

voltage and current cannot be exactly in quadrature since the 

MMCC current must have a small in-phase element for loss 

compensation. This element is evaluated through an additional 

overall dc capacitor voltage control loop as follows. 

Evaluation of the real power loss in the MMCC is performed 

by measuring all SM dc capacitor voltages and calculating 

their average value. By comparing this average voltage with its 



 

required value and applying the P+I control, the value of real 

power loss, Ploss, is obtained. Dividing this by the MMCC 

voltage (rms) squared leads to conductance Gloss. Multiplying 

Gloss with voltage gives the current Iloss required for 

compensating the loss. This result can be added to the (𝐼𝑐⃑⃑  − 𝐼𝑙𝑖𝑛𝑒⃑⃑ ⃑⃑ ⃑⃑  ⃑) to generate the MMCC reference current Iref. Fig. 

7 shows the resultant average dc capacitor voltage without and 

with the additional real power compensation current. It can be 

seen that the dc capacitors voltage can be maintained at its 

nominal value (Fig.7 (b)) when Iloss is added otherwise it drifts 

away when Iloss is zero (Fig.7 (a)). 

With the shunt MMCC reference current obtained, a 

predictive current controller [26] is applied to generate the 

reference voltage 𝑉𝑐1_𝑟𝑒𝑓  as this control scheme has the 

benefits of fast dynamic response and high computational 

efficiency. The vector model for MMCC voltage evaluation is 

given by 𝑉𝑠⃑⃑⃑  − 𝑉𝑐1⃑⃑ ⃑⃑  ⃑ = 𝐿𝑓 𝑑𝑖 𝑑𝑡 + 𝑅𝑓𝑖        (10) 

Digital implementation with a small sampling period (Ts) 

leads to 
𝑑𝑖 𝑑𝑡 expressed by 𝑑𝑖 𝑑𝑡 = ∆𝑖 𝑇𝑠 = 𝑖 (𝑘+1)−𝑖 (𝑘)𝑇𝑠         (11) 

where 𝑖 (𝑘) is the measured current at time instant k, and the 

current at the next sampling interval 𝑖 (𝑘 + 1) is set as the 

current reference value 𝑖𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑(𝑘) . Substituting (11) into (10) 

and re-arranging the equation, the required reference voltage 

at the next sampling period can be derived as 𝑉𝑐1_𝑟𝑒𝑓⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑(𝑘) = 𝑉𝑠⃑⃑⃑  (𝑘) − [𝐿𝑓𝑇𝑠] 𝑖𝑟𝑒𝑓⃑⃑ ⃑⃑⃑⃑  ⃑(𝑘) + [𝐿𝑓𝑇𝑠 − 𝑅𝑓]𝑖 (𝑘)  (12) 

C.   Carrier Permutation Phase Shift- Pulse Width 

Modulation for MMCC  

For MMCC switching signal generation the well-known 

Phase-Shift Pulse Width Modulation (PS-PWM) scheme is 

applied. The advantages of this scheme are giving lower THD 

with a relatively low switching frequency and maintaining 

natural voltage balance to the SM capacitors. However, if the 

FCC submodule is adopted, the regular PS-PWM schemes 

cannot always ensure the balance of inner flying capacitor 

voltage particularly when the converter reference voltage is 

distorted [27]. For example, Fig. 8 shows the results of a FCC-

MMCC phase A reference voltage compared with four carrier 

waveforms. The slight distortion in reference voltage causes 

imbalance in the SM capacitors’ charging and discharging 

currents, and hence the total net charge transferred over one 

cycle is non-zero even during steady state. Consequently, the 

FCC SM flying capacitor voltages in each phase drift away 

from the nominal value as shown in Fig. 9. 
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Fig. 8. Voltage reference signal for FCC-MMCC with conventional PS-

PWM 
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Fig. 9. SM FCC voltages with conventional PS-PWM 

This paper adopts a carrier permutation (CP) PS-PWM 

scheme [27] to prevent the inner capacitor voltage drifts. The 

method uses multiple triangular carrier waveforms, but instead 

of applying each of them in a fixed sequence cycle by cycle 

they are cyclically permuted one position forward at the end of 

each fundamental cycle. Naturally with four carrier waves in 

this example a complete permutation cycle takes four 

fundamental cycles or 0.08 s, as shown in Fig. 10. This enables 

the charging and discharging current through the SM 

capacitors to vary from cycle to cycle according to the 

reference voltage pattern, and hence greatly reduces the 

voltage drift. As shown in Fig. 11, the voltages are all stable 

and around 1 p.u.. This validates that the CP PS-PWM scheme 

can effectively prevent the inner flying capacitor drifting away 

from the nominal value when the voltage reference is distorted. 

Without overall dc capacitor 

voltage control Iloss=0

Drift away

 
(a) 

Stable

With overall dc capacitor voltage 

control Iloss=-1.1 p.u.

 
(b) 

Fig. 7. The Iloss current (left) and MMCC dc capacitor voltages (right) 

(a) without and (b) with overall dc capacitor voltage control 
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Fig. 10. Voltage reference signal for FCC-MMCC with CP PS-PWM 
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Fig. 11. SM FCC voltages with CP PS-PWM 

The overall single star MMCC-UPFC control scheme is 

shown in Fig. 12, which comprises two essential parts: the 

series converter reference voltage generation and the shunt 

MMCC reference current generation with additional overall dc 

capacitors voltage control. 

V.   SIMULATION RESULTS 

To validate the effectiveness of the proposed MMCC-UPFC 

device shown in Fig. 2 and the corresponding control schemes 

shown in Fig. 12, the system is simulated through 

SIMULINK/MATLAB, as presented in Fig. 13. Its parameters 

are listed in Table V: the three-phase voltage rating at the 

sending end is 11 kV, 50 Hz; the MMCC total dc voltage rating 

is 12.8 kV containing 32 FCC SMs in each phase, while the dc 

capacitor voltage per SM is 400 V and the floating flying 

capacitors are rated at 200 V. The series converter contains one 

dc capacitor and its voltage rating is 600 V. 

Fig. 13. Simulink program setup screenshot 

For testing MMCC-UPFC’s ability in power flow control, 
the receiving end voltage is set to 10.45 kV and phase angle -

10° initially without MMCC-UPFC, so the real and reactive 

power of the transmission line are 𝑃0 =0.1141 p.u. and 𝑄0=0.0229 p.u. respectively. At 0.2 s, the MMCC-UPFC is 

switched on and the command 𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 are 0.6 p.u. and 

-0.1 p.u. As shown in Fig. 14, under UPFC control, the real 

and reactive powers transmitted to the receiving bus follow the 

command values closely. Similarly at 0.3 s the real power 

drops to 0.2 p.u. according to the set reference values, while 

the reactive power is controlled to drop to 0, thus the UPFC is 

able to achieve unity power factor control. Clearly the MMCC-

UPFC device can control both real and reactive powers of the 

transmission line to the required values precisely and fast. 
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Fig. 12. MMCC-UPFC control block diagram. 



 

TABLE V 
SYSTEM PARAMETERS 

Components Rating 

Source Side 
3-Phase source voltage 𝑽𝒔𝟎 11 kV 

Fundamental frequency 𝒇𝟎 50 Hz 

Transmission 

line 
Transmission line inductance 𝑿𝑳 8.4 mH 

UPFC shunt 

MMCC side 

MMCC switching frequency 𝒇𝒄𝟏 250 Hz 

Low-pass filter 0.5 Ω, 1.0 mH 

SM numbers per phase 32 

SM dc capacitor 𝑪𝒅𝒄𝟏_𝒏 1120 μF 

SM flying capacitor 𝑪𝒇𝒄 560 μF 

Nominal SM dc voltage 𝑽𝒅𝒄𝟏_𝒏 400 V 

UPFC series 
bridge 

converter 

side 

Series transformer turn ratio 𝒏𝟏: 𝒏𝟐 10:1 

Series converter dc capacitor 𝑪𝒅𝒄𝟐 560 μF 

Nominal series converter dc voltage 𝑽𝒅𝒄𝟐 
600 V 

Bridge converter switching 

frequency 𝒇𝒄𝟐 
8 kHz 

 

Fig. 15 shows the transmission line 3-phase voltages with 

their corresponding currents, UPFC shunt and series part 

respectively. As expected, the MMCC controls its current (Fig. 

15(b)) to be equal to the difference between transmission line 

current (Fig. 15(a)) and series converter’s current (Fig. 15(c)), 

which is ( 𝐼𝑐⃑⃑  − 𝐼𝑙⃑⃑ ). At 0.3 s, the transmission line current 

reduced to around 0.3 p.u. and become in phase with its 3-

phase voltage due to the changing of real and reactive power 

command values, consequently the series bridge converter 

current decreases while the shunt MMCC current remains 

stable, which indicates that the control schemes of both shunt 

and series converters are chained well and responding fast. 

Meantime, Fig. 15(a) also illustrates that the PCC voltage 𝑉𝑆 

is regulated at 1 p.u.; Fig. 15(b) and (c) show that at the steady 

state the ac voltages of the two converters are in quadrature 

with their currents hence no active power exchange in both 

converters, while the shunt MMCC is inductive and series 

converter is capacitive. Therefore, the MMCC module dc 

capacitor voltages and the series converter voltage are well 

maintained at their nominal value 1.0 p.u. respectively, as 

shown in Fig. 16. Finally, the 3-phase MMCC terminal 

multilevel voltage waveform is shown in Fig. 17 with a peak 

value around 1.136 p.u. 
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Fig. 14. Transmission line power flow diagrams with reference waveforms 
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(b) Shunt MMCC 3-phase voltage (black) and current 
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(c) Series bridge converter 3-phase voltage (black) and current 

Fig. 15. MMCC-UPFC system simulated 3-phase voltages and currents 

 
(a) Shunt MMCC 



 

 

(b) Series bridge converter 

Fig. 16. Converter dc capacitors voltage 

 

Fig. 17. 3-phase MMCC multilevel voltage waveform 

VI.   MMCC-UPFC OPERATING RANGE ASSESSMENT 

According to the above results, it can be seen that the novel 

device is able to operate as an UPFC for controlling the grid 

real and reactive powers. However, it is also important to study 

its operating margins, which are limited by two essential 

factors: (a) the series bridge converter and (b) the shunt 

MMCC operating margins. For (b), it only works when the 

calculated ∆≥ 0  hence the margin is decided by ∆ . The 

following study investigates (a) the series bridge converter 

operating margin. Finally, combining both calculated margins 

together gives the operating range of the MMCC-UPFC. 

According to the phasor diagram shown in Fig. 3(b), the 

equations below can be derived as 𝑉𝐷⃑⃑⃑⃑ = 𝑉𝑠⃑⃑⃑  − 𝑉𝑅⃑⃑⃑⃑ = 𝑉𝑐2𝑝⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ + 𝐿𝑙𝑖𝑛𝑒 𝑑𝑖𝑙𝑖𝑛𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ 𝑑𝑡       (13) 

where 𝑉𝐷⃑⃑⃑⃑  is the voltage potential difference between the 

sending and receiving ends.Taking 𝑉𝑠⃑⃑⃑   as the reference vector 

in synchronous reference frame, the above equation can be re-

written in d-q form as {𝑉𝐷𝑑 = 𝑉𝑠 − 𝑉𝑅 cos 𝜃𝑅𝑉𝐷𝑞 = 𝑉𝑅 sin 𝜃𝑅         (14) 𝜃𝐷 = tan−1 𝑉𝑅 sin 𝜃𝑅𝑉𝑠−𝑉𝑅 cos 𝜃𝑅       (15) 

Having UPFC connected into the transmission line the 

relationship between its series bridge converter terminal 

voltage 𝑉𝑐2𝑝 , transmission line current 𝑖𝑙𝑖𝑛𝑒  and the line 

impedance can be illustrated as {𝑉𝐷𝑑 = 𝑉𝑐2𝑝 cos 𝛿 − 𝑋𝐿𝑖𝑙𝑖𝑛𝑒 sin 𝜃𝑖𝑉𝐷𝑞 = 𝑉𝑐2𝑝 sin 𝛿 + 𝑋𝐿𝑖𝑙𝑖𝑛𝑒 cos 𝜃𝑖     (16) 

The current of the equation (16) can be further derived as 

{𝑖𝑙𝑖𝑛𝑒 cos 𝜃𝑖 = 𝑖𝑙𝑖𝑛𝑒_𝑑 = 𝑉𝑅𝑞−𝑉𝑐2𝑝_𝑞𝑋𝐿𝑖𝑙𝑖𝑛𝑒 sin 𝜃𝑖 = 𝑖𝑙𝑖𝑛𝑒_𝑞 = −𝑉𝑠+𝑉𝑅𝑑+𝑉𝑐2𝑝_𝑑𝑋𝐿
    (17) 

Thus the operating margin of the UPFC series bridge 

converter is derived as 𝑃𝑟𝑒𝑓 = − 32 × (𝑉𝑠𝑑𝑖𝑙𝑖𝑛𝑒_𝑑 + 𝑉𝑠𝑞𝑖𝑙𝑖𝑛𝑒_𝑞) = − 32 𝑉𝑠𝑖𝑙𝑖𝑛𝑒_𝑑   = 3𝑉𝑠(𝑉𝑅𝑞−𝑉𝑐2𝑝𝑞)2𝑋𝐿             (18) 𝑄𝑟𝑒𝑓 = − 32 × (𝑉𝑠𝑑𝑖𝑙𝑖𝑛𝑒_𝑞 − 𝑉𝑠𝑞𝑖𝑙𝑖𝑛𝑒_𝑑) = − 32 𝑉𝑠𝑖𝑙𝑖𝑛𝑒_𝑞   = 3𝑉𝑠(−𝑉𝑠+𝑉𝑅𝑑+𝑉𝑐2𝑝𝑑)2𝑋𝐿           (19) 

Assuming the transmission line length is 50km with 

reactance of 0.053 Ω/km at 50 Hz according to the UK power 

networks 11 kV line parameters given in [28], taking 2.2 MVA 

as base power and the UPFC capacity is 3.2 MVA, combining 

the above derivation with the shunt MMCC margin (∆≥ 0) the 

UPFC operating ranges now can be illustrated graphically via 

3-D plots, together with the 2-D plots of (δ, 𝑃𝑟𝑒𝑓) 

and (δ, 𝑄𝑟𝑒𝑓) as shown in Fig. 18 and Fig. 19. The X-axis is 𝑉𝑐2𝑝 magnitude in p.u., Y-axis is phase angle ∠𝛿 and Z-axis 

is either 𝑃𝑟𝑒𝑓  or 𝑄𝑟𝑒𝑓  in p.u.. The 3-D diagrams illustrate 

clearly that the maximum real power the UPFC able to control 

is -0.35 p.u.≤ 𝑃𝑟𝑒𝑓 ≤0.69 p.u. The reactive power is in the 

range -0.58 p.u.≤ 𝑄𝑟𝑒𝑓 ≤0.45 p.u, while without UPFC the 

original real and reactive power between the buses are 𝑃0=0.1141 p.u. and 𝑄0=0.0229 p.u. respectively. 
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Fig. 18. MMCC-UPFC real power operating range (a) 3-D diagram (b) view 

from the right 
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Fig. 19. MMCC-UPFC reactive power operating range (a) 3-D diagram (b) 

view from the right 

3-phase FCC-MMCC DSP and FPGA Control Module

3-phase Voltage Source Converter Filter 3-phase Loads  
Fig. 20. FCC-MMCC STATCOM laboratory set-up prototype 

TABLE VI 
FCC-MMCC STATCOM KEY COMPONENTS PARAMETERS 

Components Value 

Source end voltage 𝑽𝒔𝟎 110 V 

Distribution Line Rline= 0.2 Ω; Lline= 3 mH 

R+L Load Rl = 20 Ω; Ll = 48 mH 

Converter Filter Rc = 1.59 Ω; Lc = 2 mH 

Sub-module DC capacitor CDC= 1.12 mF 

DC voltage 𝑽𝑫𝑪 in each sub-module 100 V 

Switching frequency 𝒇𝒔 1 kHZ 

Construction of an experimental MMCC-UPFC for 

validating the proposed control scheme is in hand. Fig. 20 

shows a photo of the already built FCC-MMCC STATCOM. 

The series converter for a complete UPFC is yet to be 

connected. The key component values for the STATCOM is 

given in Table VI. This STATCOM has been applied to 

compensate reactive current of an AC network. The measured 

current and voltage waveforms prior and post compensation 

are shown in Fig. 21 which demonstrate desired performance 

for reactive power compensation. 

 
(a)            (b) 

Fig. 21 FCC-MMCC STATCOM reactive power compensation voltage and 
current waveforms (a) before compensation (b) after compensation 

VII.   CONCLUSION 

A single-star modular multilevel cascaded converter-unified 

power flow controller (MMCC-UPFC) has been proposed to 

provide highly flexible power flow control in the power 

transmission system. Compared with the double star chopper 

cell based-UPFC, this device has been estimated to only cost 

around 20% in both price and space but provides similar 

redundancy and simpler control. The operating principle of 

this novel device was explained, together with control schemes 

for the series bridge converter voltage generation and the shunt 

MMCC current regulation were illustrated. Simulation results 

have shown that the device can react precisely to control the 

transmission line power to the required level. The UPFC’s 
ability to increase the line’s power transfer margin and its 
operating range were also analysed and illustrated via the 3-D 

plots, showing that it can compensate real power in the range 

of -0.35 p.u. ≤ 𝑃𝑟𝑒𝑓 ≤  0.69 p.u. The reactive power 

compensation range is -0.58 p.u.≤ 𝑄𝑟𝑒𝑓 ≤ 0.45 p.u.  
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