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Abstract— The existing transformerless Unified 

Power Flow Controller (UPFC) controllers have 

some disadvantages, such as presence of steady 

state oscillations and slow system dynamic 

response. To overcome this problem, a 

transformerless UPFC with fuzzy logic controller 

has been proposed which can have the capability 

to control the parameters of the transmission line 

and mitigate the harmonics present in the 

transmission line. This paper mainly focuses on 

low total harmonic distortion and high efficiency. 

The transformerless UPFC with proposed control 

approach is demonstrated using MATLAB/ 

SIMULINK and both the steady state and 

dynamic response results are shown. 

Keywords— Unified power flow controller 

(UPFC), cascade multilevel inverter, fuzzy logic 

controller, total harmonic distortion. 

1. INTRODUCTION 

               The unified power flow controller (UPFC) 

has the ability to control, concurrently or particularly, 

all the parameters affecting power flow in the 

transmission line (i.e., voltage, impedance, and phase 

shift) [1]-[2]. The traditional UPFC includes back-to-

back connected inverters which shares a common dc-

link, as given in Fig. 1. A series voltage injected from 

inverter-2 may be at any angle with reference to the 

line current that gives greater flexibility and 

controllability to control power flows in the 

transmission line. The resultant active power at the 

terminals of inverter-2 is supplied or absorbed by 

means of inverter-1 via the dc-link. Thus, UPFC is 

ample and flexible ac transmission system device. It 

can reduce congestions and improves the 

transmission capability. UPFC requires two high 

voltage and high power inverters. 

 

                 Fig. 1.  Conventional UPFC. 

   The high-voltage and high power inverters 

must use robust and complex zigzag transformers to 

attain their required VA ratings and voltage 

waveforms. Zigzag transformers have some 

disadvantages such as high cost (30–40% of total 

cost), very lossy (50% of total power loss), 

cumbersome (40% of total area & 90% of total s/m 

weight) and high chances of getting fail [3]. 

Furthermore, the zigzag transformer based UPFC has 

too slow in dynamic response because of large time 

constant due to transformer saturation, magnetizing 

current, and surge voltage [4].  

   By investigating above problems the 

cascade multilevel inverter (CMI) is the simplest and 

realistic inverter technology to reach such high 

voltage levels without using transformers, a large 

number of semiconductor devices, or a big number of 

capacitors [5]. However, the CMIs couldn't be 

immediately used  due to the fact the traditional 

UPFC requires inverters configured back-to-back to 

deal with real power flow. 

          To eliminate the above problem, a 

transformerless UPFC based on a configuration of 

two CMIs [6] has been proposed, which is shown in 

Fig. 2(a) and main system parameters for prototype is 

shown in Table I. 
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           As shown in Fig. 2(a), the transformerless 

UPFC consists of two CMIs, one is series CMI, 

which is connected in series with the transmission 

line; whereas the other, shunt CMI is connected in 

parallel to the sending end after series CMI. Every 

CMI is composed of a series of cascaded H-bridge 

modules like shown in Fig. 2(b). The new UPFC has 

several advantages over the conventional UPFC such 

as good modular design, less weight, extremely good 

efficiency, high reliability, low cost, and a fast 

dynamic response.  

 

Fig. 2. Transformerless UFPC (a) System 

configuration (b) H-bridge modules 

TABLE-I                                                     System 

Parameters for 13.8-kV Prototype 

Parameter Value 

System power rating  2 MVA 

Vs0 rms 13.8 kV 

Max series CMI current, IC rms 84 A 

Max shunt CMI current, IP rms 42 A 

Vdc (Shunt)  600 V 

Vdc (Series) 600 V 

H-bridge dc capacitance 2350 μF 

No. of H-bridges per phase 

(Shunt) 

20 

No. of H-bridges per phase 

(Series) 

10 

            The operational range and desired VA rating 

for series and shunt CMIs were studied in [7]. 

However, still there are some demanding situations 

for this transformerless UPFC such as modulation of 

the CMI for low THD of output voltage and 

improving dynamic response. So, this paper focuses 

on the modulation and control technique for the 

transformerless UPFC based on fuzzy controller to 

deal with abovementioned challenges. The 

functionality of the UPFC with proposed method is 

verified at voltage level 4160 V, and results of both 

the steady-state and dynamic responses will be 

presented in the later sections. 

2. PRINCIPLE OF OPERATION OF 

TRANSFORMERLESS UPFC 

     The transformerless UPFC with this 

particular configuration of the series and shunt CMIs 

has some characteristics such as high efficiency, 

extremely high reliability, and rapid dynamic 

response. 

Fig. 3. Phasor diagram of transformerless         UPFC 

     The phasor diagram of the UPFC is shown 

in Fig. 3, where  and  are the original sending-

end and receiving-end voltages, respectively.  is 

associated with real axis, which means its phase 

angle is zero. By controlling the series CMI a desired 

voltage   is generated for obtaining the new 

sending-end voltage , which in turns, control both 

active and reactive power flows in the transmission 

line. On the other hand, a current  is injected by the 

shunt CMI to the new sending-end bus, which makes 

zero active power into both CMIs, which in turn 

makes the series CMI current  and the shunt CMI 

current  be perpendicular to their respective 

voltages  and . Thus, both the series and the 

shunt CMIs provide the reactive power only. 

http://jespublication.com/


 

 

Vol 10, Issue 12, DEC/ 2019 

ISSN NO: 0377-9254                                  

  

 

www.jespublication.com Page No:1112 

 
 

 

 
 

   The transmitted real power P and reactive 

power Q in the line with the UPFC may be expressed 

from figs. 2 & 3, as 

  

  

     (1) 

            Where symbol ∗ represents the conjugate of a 

complex number;  is the phase angle of the 

receiving-end voltage VR; δ is the phase angle of the 

series CMI injected voltage VC ; XL is the equivalent 

transmission line impedance. 

            Real and reactive powers, P0 and Q0 with the 

uncompensated system (VC = 0) are 

                                      (2) 

            The net differences between the powers of 

system without the UPFC (2) and with the UPFC (1) 

are the controllable real and reactive powers, PC and 

QC by the UPFC and can be expressed as 

                             (3)                                                                                    

 Therefore, we can rewrite (1) as  

     (4)      

    Both the amplitude VC and phase angle δ 

of the UPFC injected voltage  can be any values as 

desired, the transformerless UPFC provides a 

controllable range of (−VCVR/XL ) to (+VCVR/XL ) 

for both real and reactive powers, PC and QC, which 

are independent of voltage magnitude and phase 

angle of the original sending end voltage. By above 

summary (1)–(4) one can say that the functionality of 

the new UPFC has same as the traditional UPFC. 

   The series CMI voltage  is injected 

according to transmission line real/reactive power 

command, which can be calculated from (3). 

                  

                                                                                (5)                                                 

                Once the series CMI injected voltage  is 

decided by (5), the new sending-end voltage and the 

transmission line current will be calculated 

accordingly. 

                                        (6)                                                                       

Where 

 (7)                                                 

And   = IL ∠ρ, where 

   

The current  injected by shunt CMI   

decouples the series CMI current  from the line 

current . Thus, zero real power exchange between 

both the series and the shunt CMIs can be achieved. 

Therefore, we have 

                                                 (9)                                                                          

              Which means the series CMI current  and 

the shunt CMI current  should be perpendicular to 
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their voltages  and    respectively, as shown in 

Fig. 3. The shunt CMI output current can be 

calculated as  

                                                   (10) 

Where, 

               (11)                                           

  In precise, there are two important steps for 

the operation of the UPFC, which are calculation of 

injected voltage  for series CMI according to  the 

real/reactive power demand over the transmission 

line(5) and calculation of injected current  for 

shunt CMI from (10) and (11) by making zero real 

power in both series and shunt CMIs [15]. 

3. FUNDAMENTAL FREQUENCY 

MODULATION (FFM) FOR CMIS 

 Mostly, the modulation for CMIs can be 

classified into two main categories. They are FFM 

and pulse width modulation (PWM). On comparing 

both, the FFM has much lower switching loss, 

making it more attractive for the UPFC and other 

high-voltage & high-power applications.  

 FFM will be designed with high number of 

H-bridge modules. Particularly, switching angles of 

all 10 series H-bridge modules and 20 shunt H-bridge 

modules will be optimized for achieving extremely 

low THD. Moreover, it will also shows that CMIs 

with FFM could achieve fast dynamic response (<8 

ms) [8]-[9]. 

          The principle of operation of FFM is shown in 

fig. 4.  Where phase an output voltage of an 11-level 

CMI given as an example. A stair-case voltage 

waveform, Va could be generated when each of five 

H-bridge modules generates a quasi-square wave, 

VH1, VH2, . . . , VH5. Each H-bridge has the identical 

dc link voltage Vdc for the design scrutiny. Several 

approaches have been studied [10]-[11] to decide the 

switching angles of H-bridge modules for minimum 

THD.  

            The Fourier series expansion of the CMI 

output voltage shown in Fig. 4 is 

  

  (12)   

            Here n is harmonic number, s is number of H-

bridge modules, and αk represents the switching angle 

for the kth H-bridge module. 

 

Fig. 4.  Principle of operation of FFM 

The THD of line voltage can be 

expressed as follows 

                      (13)   

              The value of THD is decreased with 

increasing number of H-bridge modules (s). 

When s ≥ 15, the THD will be smaller than 1% 

[12]. 

4. CONTROL OF PROPOSED UPFC 

A. Dynamic Models of UPFC System  

  All the equations derived from the 

phasor diagram in Section 2 are limited to 

steady-state analysis. To devise the vector-

oriented control for the transformerless UPFC 

by considering both steady-state and dynamic 

performance, the dynamic modules are essential 

[15]. These models are based on synchronous 

(dq) frame of reference. Phase shift of the 

original sending-end voltage  is obtained 
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from a digital PLL, which can be used for abc to 

dq transformation. The dynamic model from the 

new sending-end bus to receiving-end bus is 

given as  

    (14) 

  The new sending-end voltage  is 

equal to original sending-end voltage  minus 

injected voltage   by series CMI, so we have 

                                         (15)                                                         

The model from the new sending-end to shunt 

CMI is 

     (16)                          

B. Power Flow Control  

It is necessary to implement a control 

system that can independently control both the 

real power P and reactive power Q over the line. 

Fig. 5 shows the overall control system, which is 

divided into three stages. They are: 

Stage I: The calculation from P∗/Q∗ to  and  

 As said above,    is the injected voltage 

of series CMI that can be generated according to 

the power flow demand, while   is injected 

current of shunt CMI, used to maintain zero real 

power for both CMIs. Calculating    is 

shown in Fig. 6(a). Line current reference 

I∗Ld/I∗Lq is calculated from the P∗/Q∗ reference 

and then the d-axis and q-axis components of 

series voltage V*
cod, V∗

C0q are calculated from 

(15) & (16). The line current is controlled in a 

way to decouple feed forward control, achieving 

better dynamic response.   

 

Fig. 5. Control diagram for power flow 
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Fig. 6. (a) Calculation from P ∗/Q∗ to  and  , (b) Closed-loop control for shunt CMI. 

Stage II: Dc-link voltage regulation. As mentioned 

earlier, the dc-link voltage cannot be maintained due 

to the reason that the CMIs always have a power loss. 

To control dc-link voltage with better results, two 

variables  and   were introduced as shown in 

Fig. 5 (a). Where, V∗
dc-sh and V∗

dc-se are dc voltage 

references for shunt and series CMIs, 

correspondingly; Vdc-sh and Vdc-se are the averaged dc 

feedback voltages of shunt and series CMIs, 

respectively. Considering the series CMI, Pse is the 

output of overall dc-link voltage regulation loop, Rse 

is calculated by dividing Pse by I2
C and finally    

is the product of Rse and  . The introduced    is 

always in phase with series CMI . The dc-link can 

be balanced when Pse is equal to Ploss. In a similar way 

 is introduced by the shunt CMI, for dc-link 

voltage control. The current control loop has been 

designed for good dynamic response (<8 ms).   

Stage III: Generation of voltage and current for 

series and shunt CMIs. The output voltage of series 

CMI could be directly generated from the reference 

 by FFM. Decoupling feedback current control is 

used to control the output current of shunt CMI by 

the reference current   , as shown in Fig. 6(c) [13]. 

5. DESIGN OF FLC USING MATLAB 

The FLC (Fuzzy Logic Controller) based 

transformerless UPFC is developed by using 

MATLAB/SIMULINK. The FLC has low settling 

time and steady state errors when it compared with 

other controllers.  In general, fuzzification, rule-

base/inference system and defuzzification steps are 

the three steps of the modeling of FLC [16]. 

Fuzzification process is a continuous transition of 

inputs from natural domain to the fuzzy domain 

through a set of membership functions. 

 

 

Fig. 7. Membership functions (a) Error, (b) Change in 

Error and (c) Output 

             Triangular membership functions are used 

for the input and output parameters as it gives fast 

response, simple calculation, simple coding and easy 

implantation. The input variables such as error and 

error rate are expressed in terms of fuzzy set with the 

linguistic terms NB, NS, ZE, PS, and PB in Mamdani 

fuzzy inference system. The number of linguistic 

variables for input and output is assumed as 5.Thus, 

the numbers of rules formed are 25. Also, all rules 

has similar weights (WI = 1) to keep consistency 

between rules and are summarized in Table II. 
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TABLE-II                                                       

   Fuzzy Controller Rules 

    E 

CE 

NB NS ZE PS PB 

NB NB NB NB NS ZE 

NS NB NB NS ZE PS 

ZE  NB NS ZE PS PB 

PS NS ZE PB PB PB 

PB ZE PS PB PB PB 

                                                                                                       

The fuzzy rules are implemented based on IF-THEN 

rules. The fuzzy rules are used to assign outputs for 

the input signals. For instance, in controller a rule is 

written as follows:  

IF error is NB and error-rate is PB, THEN output is 

ZE 

              Finally, defuzzification process is continued 

in order to convert the fuzzy linguistic variables to 

real crisp values. This research uses Centroid as a 

defuzzification method. The inputs are related with 

the logical AND/OR operators. AND logic gives the 

output as minimum value of the input and OR logic 

produces the output as maximum value of input. 

6. SIMULATION RESULTS 

   In order to check the functionality of the 

UPFC with proposed modulation and control 

algorithm, a 4160-V test setup has been devised and 

shown in Fig. 8(a), and the system parameters are 

given in Table III. Fig. 8(b) shows the corresponding 

equivalent circuit, which is equivalent to the circuit 

design shown in Fig. 2(a). From fig. 8(b), we can say 

the receiving-end voltage  has same amplitude as 

original sending-end voltage   , but 30° phase 

lagging, which is introduced by transformer 2 with 

Y/Δ configuration.  

Fig. 8. Test setup. (a) Circuit configuration and (b) 

corresponding equivalent circuit 

The basic functions of the UPFC have been 

tested based on above test setup and some simulation 

results are also given in this section. 

TABLE III 

    System parameters for test setup 

Parameter      Value 

Grid Voltage ( Vg)      480 V 

Rated Frequency      60 Hz 

Vdc of each shunt and series H-

bridge 

     600 V 

No. of H-bridges per phase for 

Shunt and Series 

     6 & 3 

Transformer 1 (Δ/Δ) & 

Transformer 2 (Y/Δ) 

 480 V/ 4160 V,         

75 kVA 

Dc capacitance of each H-bridge      2350 μF 

 

Rated line current      10 A 

Reactor X1      2.5 mH 

Reactor X2      3.2 mH 

Leakage inductance of 

Transformer 1 (Δ/Δ) &  

Transformer 2 (Y/Δ) 

 35 mH (6% pu) 

 

Equivalent line inductance XL 0.31 H (50% pu) 

 

Equivalent shunt filter inductance 

XS 

0.22 H (36% pu) 

 

     A. Phase Shifting  

            The UPFC can acts as a phase angle 

regulator that achieves the desired phase shift either 

leading or lagging of the original sending-end voltage 

with no change in magnitude. Three operating points 

with different phase shifts are considered and shown 

in Fig. 9. 
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Fig. 9.  Operating points with different phase shifting 

cases: (a) case A1: 30°, (b) case A2: 15 ° and (c) case 

A3: 0°. 

         Some discussions about the test results are 

given as follows: 

i. The experimental waveforms from case A1 to case 

A2 is shown in Fig. 10. As mentioned earlier, there is 

already a 30° phase difference between the original 

sending-end voltage  and the receiving-end 

voltage . In case A1, series CMI injected a voltage 

 to shift  by 30° lagging, which makes  = 

. Therefore, the resulting line current in this case is 

almost zero. In case A2, new sending-end voltage  

is shifted from  by 15°, hence, there exists a 15° 

phase difference between  and . This will result 

in about 7-A line current. Fig. 10(a) and 10(b) shows 

the simulation results and it also shows that the 

current smoothly and quickly raised from zero to 7A, 

when the operating point is changed from case A1 to 

A2. 

 
Fig. 10. Waveforms of UPFC operating from case A1 

to case A2: (a) Shunt CMI phase current IPa  (b) shunt 

CMI line voltage VP ab , shunt CMI line current ILa. 

ii. In the same way, the results of UPFC operating 

from case A2 to case A3 are shown in Fig. 11. 

Waveforms Vpa and Vpb are generated by the FFM 

with optimized switching angles. In case A3, phase 

shifting is zero degree, which indicates a system 

without compensation. So,  =   , and the phase 

angle between   and   is 30°. As a result the 

amplitude of current is changed to 14 A. 

 

 

Fig. 11. Waveforms of UPFC operating from case A2 

to case A3: (a) Shunt CMI line current ILa, ILb, ILc (b) 

Shunt CMI phase voltage VPa, VPb (c) Line current ILa 

and shunt CMI line voltage VPab. 

iii. The measured dynamic response when operating 

point changing from case A2 to case A3 is shown in 

fig. 12. Here the amplitude of current would change 

from 7 to 14 A. The UPFC has achieved fast dynamic 

response, with response time <8 ms.  

iv. Simulation results of dc capacitor voltage of both 

series and shunt CMIs when operating point changing 

from case A2 to case A3 is shown in fig. 13. During 

the transition, the dc link voltage almost kept 

constant, which means the dc link voltage is 

independent of operating points. 
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Fig. 12. Dynamic response when operating point 

changes from case A2 to case A3. 

 

 

 
Fig. 13. (a) dc capacitor voltage of each phase of 

shunt CMI, (b) dc capacitor voltage of each phase of 

series CMI. 

B. Line Impedance Compensation 

 The line impedance compensation is 

different from the phase shifting, where a voltage  

is injected by the series CMI, which is in quadrature 

with the line current. Functionally it is analogous to 

series capacitive or inductive compensation by SSSC. 

Three operating conditions are shown in fig. 14. They 

are: (a) case B1: line impedance is equal to 0.5 p.u. 

(without compensation), (b) case B2: line impedance 

is equal to 1 p.u. (after compensation) and (c) case 

B3: line impedance is equal to infinity. In case B1 

(same as case A3), phase difference between  and 

 is equal to 30°, as a result line current is 1 p.u. 

(amplitude 14 A).  

 

 
Fig. 14. Operating points (a) case B1:  line 

impedance = 0.5 p.u., (b) case B2: line impedance = 

1 p.u. and (c) case B3:  line impedance after 

compensation = infinity. 

 

               The transformerless UPFC is also able to 

reduce the line impedance for higher line current. The 

results of UPFC when operating from case B1 to case 

B2 is shown in fig.15, where line impedance changed 

from 0.5 p.u. to 1 p.u. In this case the line current 

changed smoothly from 14A to 7A due to the 

increased line impedance. 

 

 

 
Fig. 15.  Waveforms of UPFC when operating from 

case B1 to case B2 (a) line current ILa and shunt CMI 

line voltage VP ab , (b) line current ILa and series CMI 

phase voltage VC a. 

           It can be seen from Fig. 15(b) line current ILa 

is lagging VCa by 90° that means the series CMIs act 
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as inductors. It is the reason behind increasing line 

impedance from 0.5 to 1 p.u after compensation.  

 

C. Independent P/Q Control 

 The transformerless UPFC has the ability to 

control the magnitude and phase angle of the injected 

voltage so as to maintain or vary the real and reactive 

power flow over the line according to the load 

demand and operating conditions of the system, i.e., 

independent P/Q control.  

 

 
Fig. 16. Independent P/Q control (a) control region of 

the manageable real and reactive power at series CMI 

voltage = 0.517 p.u. and δ0= − 30◦, (b) case C1: P = 

0.25, Q = 0. 

 In the fig. 16(a), the blue curve represents 

the transmittable real power P and reactive power Q 

vs phase angle δ0 of receiving end voltage and the 

circle represents the control region of the manageable 

real and reactive power at voltage of series CMI is 

equal to 0.517 p.u. and phase angle of receiving end 

voltage is equal to −30◦. 

 Usually, at any given δ0, the transmittable 

real power P as well as reactive power Q within the 

circle can be controlled by the UPFC. Several 

operating points of independent P/Q control have 

been tested [14]. Here, we have taken one of the test 

cases, case C1: P = 0.25, Q = 0, shown in Fig. 16(b).  

In this case, because of zero reactive power, 

line current IL is in phase with receiving-end voltage 

 and the amplitude of the line current is 7.5A and 

the results are shown in below fig. 17. 

 

 

Fig. 17. Waveforms of UPFC at C1: P = 0.25, Q = 0: 

(a) shunt CMI line current ILa and line voltage VP ab  

and (b) line current ILa and series CMI phase voltage 

VCa. 

D. Performance analysis of FL based UPFC for 

THD 

           This case is simulated to test the performance 

of proposed FL based UPFC for total harmonics 

distortion (THD) alleviation. THD of the different 

parameters of transmission line at different cases is 

shown in Table IV.                            

                            Table IV 

THD (%) values for different parameters at different 

cases 

 

Where, VPab, ILa, IPa and VCa are the series CMI phase 

voltage, line current over the transmission line, shunt 

CMI phase current and series CMI phase voltage 

respectively. On contrast, the THD of different 

parameters of the line are reduced to some extant for 

FL based UPFC. Thus, the proposed FL based 

transformerless UPFC has effectively minimized the 

THD compared to PI based UPFC [15]. THD values 

of one of the cases (C1 to C2) for both the controllers 

are shown in Figs. 18 & 19. 
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Fig. 18. (a) THD (%) value of VPab for fuzzy controller, (b) THD (%) value of VPab for PI controller. 

 

                        
Fig. 19. (a) THD (%) value of VCa for fuzzy controller, (b) THD (%) value of VCa for PI controller. 

 

                             CONCLUSION 

      A fuzzy controller based transformerless UPFC is 

presented to mitigate THD (Total Harmonic 

Distortion) over the transmission line, which in turn 

improves the efficiency of the system. To show its 

effectiveness, the performance of proposed FL based 

transformerless UPFC has also been compared with 

PI based transformerless UPFC for all the mentioned 

parameters. The THD of the series CMI phase 

voltage (VPab) in case C1 to C2 is reduced to 25.44% 

from 38.82%, when fuzzy controller is used instead 

of PI. It also improves the dynamic response (<8 ms) 

of the system. The transformerless UPFC based on 

FLC with proposed modulation and control can be 

installed anywhere in the grid to improve the power 

transmission over the grids, lessen transmission 

congestion.. 
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