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Abstract—Back-to-back static synchronous compensator (BtB-
STATCOM) consists of two back-to-back voltage-source converters 
(VSC) with a common DC link in a substation. This configuration 
extends the capabilities of conventional STATCOM that bi-
directional active power transfer from one bus to another is possible. 
In this paper, VSCs are designed in quasi multi-pulse form in which 
GTOs are triggered only once per cycle in PSCAD/EMTDC. The 
design details of VSCs as well as gate switching circuits and 
controllers are fully represented. Regulation modes of BtB-
STATCOM are verified and tested on a multi-machine power system 
through different simulation cases. The results presented in the form 
of typical time responses show that practical PI controllers are almost 
robust and stable in case of start-up, set-point change, and line faults. 
 
Keywords—Flexible AC Transmission Systems (FACTS); Back-

to-Back Static Synchronous Compensator (BtB-STATCOM); quasi 
multi-pulse voltage source converter; active power transfer; voltage 
control 

I. INTRODUCTION 

SC-HVDC systems are utilized for asynchronous 
network interconnections and back-to-back ac system 

linking [1]-[4]. However, BtB-STATCOM is a multi-
converter FACTS device, considered as a VSC-HVDC system 
without long DC transmission [5]. With the feature of bi-
directional real power transfer between adjacent buses, the 
conventional shunt reactive power compensation feature [6]-
[7] is extended and the integration of large-scale renewable 
energy sources with the grid is also possible [8]. Two or more 
VSCs are coupled through their DC sides in a substation so 
that long HVDC lines or cables are not required for coupling 
[9]-[14]. Although, there is a great number of STATCOM 
installations, it can be noted a few BtB-STATCOM 
installations. SDG&E Talega STATCOM with BtB extension 
is a good application example, which is rated at ± 100 MVA, 
has also a 50 MW of real power transfer capacity from East 
Bus to West Bus [11]. Another application example supports  
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± 36 MVar reactive power injection with a real power transfer 
capacity of 35 MW [12]. High controllability and the ability to 
control real/reactive powers independently at each terminal 
make converter-based transmission attractive in many 
applications like the emerging interconnection with renewable 
energy sources. [15]- [17]. Also, it is able to reverse the power 
flow without any dynamic modifications of the control 
structure while taking benefits of the four-quadrant converter 
operation. In this study, BtB-STATCOM with two high power 
VSCs with a common DC link is proposed and designed in a 
powerful electromagnetic transient program, PSCAD. Each 
VSC consists of eight six-pulse converters and switching 
elements (GTO) are triggered at fundamental frequency of 60 
Hz. This configuration brings two main advantages: 1) 
Voltage and current stresses on each GTO is fairly decreased 
using multi-converter structure, and 2) Each GTO is triggered 
at fundamental frequency of 60 Hz. High frequency pulse 
width modulation which brings two-degrees of freedom to the 
control parameters is avoided in this study due to the high 
switching losses in high power applications. Pulses have equal 
width, so the second control degree is attained by using a 
phase shift technique between converter groups of VSC. The 
design details of the power circuit, pulse generating circuits, 
and controllers are presented in great detail and BtB-
STATCOM embedded with a multi-machine power system is 
tested and verified for step-change commands and for two 
types of faults. In summary, this work has the following 
attributes: Realistic high power VSC model is designed for 
FACTS applications in PSCAD/EMTDC environment 
including magnetic interface. The switching frequency is kept 
as low as possible being fundamental frequency to minimize 
converter losses. “phase command calculation method” 
proposed by Hagiwara et al. [18] is modified and adapted to 
independent real/reactive power control for each VSC. The 
studied model can also be extended to VSC based HVDC 
transmission studies by incorporating DC line/cable models. 
With back-to-back converters it is also possible to supply a 
fixed amount of bi-directional power flow in micro grid 
applications. 

II. PRINCIPLE OF BTB-STATCOM OPERATION 

Two VSCs, connected in parallel through shunt 
transformers (Tr1-2) with the power grid, is tied by a DC link 
(represented by capacitor C) which enables real power transfer 
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in both directions. The circuit topology is shown as Fig. 1(a). 
Each VSC synthesizes three-phase controllable voltage signals 
(Vsh1-2) with controllable phase angles (θsh1-2) by employing 
self-commutative high power switches (GTO). With this 
configuration, real/reactive currents are injected into the buses 
for real power transfer (Ptransfer1-2) and reactive power support 
(Qinj1-2). Based on Fig. 1(b), a set of steady-state operating 
constraints for BtB-STATCOM is defined in (1). Pinj1-2 is the 
resultant net power injection from each VSC into the network. 
Ploss1-2 is the sum of switching losses and coupling transformer 
losses of each VSC, respectively. DC capacitor voltage should 
be regulated to a constant value by keeping the sum of Ptransfer1 

and Ptransfer2 at zero in steady-state. This constraint is also 
expressed in (1). 
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Fig. 1 General model of BtB-STATCOM connected to power grid 

and respective real/reactive power injections 
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The injected current from VSC1 into Bus i, under the 

assumption that no resistive component between them can be 
derived as 
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where a1 is the turns ratio of transformer, Tr1 and Xsh1 
represents equivalent reactance of Tr1 and coupling reactor. 
The real and reactive power injections of VSC1 into power 
system can be described using the following equations.  

*
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Symbol (*) denotes complex conjugate. After some 
modifications, (3) is written in open form where 1injP  and 

1injQ are explicitly defined as functions of system parameters 

and VSC1 control parameters. Voltages are split into their d- 
and q- axis components ( θcosVVD = , θsinVVQ = ) in the 

rotating reference frame.   
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Since there is symmetry, the same sort of equations can be 

derived for VSC2. The injected current from VSC2 into Bus j 
is; 
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where a2 is the turns ratio of transformer, Tr2 and Xsh2 
represents equivalent reactance of Tr2 and coupling reactor. 
The real and reactive power injections of VSC2 into power 
system are described in open form using the following 
equations.  
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   (8)  
The BtB-STATCOM DC link capacitor dynamics can be 

expressed as follows with harmonics neglected. E  is the DC 
link voltage presented in Fig. 1(a). 
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III. BTB-STATCOM POWER CIRCUIT DESIGN 

The power circuit schematic of each VSC (VSC1-2) of 
BtB-STATCOM is shown in Fig. 2. Each VSC is built up by 
combining four 12-pulse converter units (1,2,3,4) that are 
connected in parallel through their DC link with an energy 
storing DC capacitor (C=0.2 F)  to achieve quasi multi-pulse 
operation. Each 12-pulse converter unit is comprised by two 
two-level six-pulse converters, each of which consists of six 
GTOs with reverse-parallel diodes.(GTO/diode ON/OFF 
resistances are 0.005Ω/1.0E8Ω). Based on required blocking 
voltage / peak current ratings, parallel and/or series 
combinations of GTOs are possible with auxiliary circuits. 
Multiple connections can also be employed for reasons of 
economy and easy availability of switches with lower ratings. 
In this study, only one GTO per arm is considered as the 
switching device to decrease simulation time. AC terminals of 
upper and lower six-pulse converters (a-b, c-d, e-f, g-h) are 
connected in ∆ and Y, respectively. The firing pulses then 
need a relative phase shift of 30º between them. Three single-
phase three-winding transformers are used as magnetic 
structure to couple AC outputs of two neighboring 12-pulse 
converter units (1-2) and (3-4). They work together as quasi 
24-pulse (4x6) converter unit (converter M-N). AC output 
voltage waveforms of converter M and N are electro-
magnetically added by two single-phase transformers for each 
phase to obtain a quasi multi-pulse waveform. This magnetic 
interface also couples VSC output voltage with the 
transmission level with no requirement to an extra shunt 
coupling transformer. Each upper side VSC of four twelve-
pulse units is phase shifted by 7.5º. With this respect, the 
following displacement angles; 7.5º, 0.0º, -7.5º, and -15º are 
applied to the gating signals of each twelve-pulse unit. The 
design specifications of the magnetic interfaces are also 
represented in Fig. 2. Phase shifting transformers especially 
for true-multi pulse converters are not required in this work. 
Since one DC link with a single capacitor exists, the 
configuration is highly suitable for back-to-back VSC 
operations in FACTS applications [19]-[20]. This situation can 
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bring lower cost when practical aspects are considered. 
Moreover, it has total harmonic distortion (THD) similar to 
that of true multi-pulse one with equal number of switching 

devices [20]. Multi-pulse converter model is more accurate 
than existing low-order or average models. 
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Fig. 2 Schematic of power circuit configuration of quasi multi-pulse VSC 

 

IV. BTB-STATCOM CONTROL 

Since pulse-width-modulation will not be used due to high 
switching losses, we have only fixed-width square wave with 
fundamental frequency @ 60 Hz to trigger GTOs. To attain an 
extra control degree, the only control parameter is phase shift 
that can be applied to these pulses. Pulse generation is based 

on this fact that the VSC configuration is decomposed into 
two main converter groups (converter M-N) as mentioned in 
Section 3. By referring to voltage phasors drawn in Fig. 3, the 
required magnitude and phase angle of the VSC output voltage 
(VX) is obtained by suitable phase angle adjustments (α, δ) 
given in (10)-(11) and summing output voltage vectors of 
converter M-N (VM ,VN), given in (12) [18]. With this respect, 
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VM is shifted with respect to d-axis by (α-δ), while VN is 
shifted with respect to d-axis by (-α-δ). In BtB-STATCOM, 
two-degrees of freedom (voltage magnitude and phase angle) 
for each VSC are obtained with this manner which implies 
required real/reactive power injections from each VSC.  VD

ref 
and VQ

ref expressed in (10)-(11) for each VSC are calculated 
from the PI control blocks, shown in Fig. 4. PI parameters for 
VSC1 are as follows: (DC voltage controller: Kp1=0.1, 
Ti1=0.01), (AC voltage controller: Kp2=0.8, Ti2=0.001). PI 
parameters for VSC2 are as follows: (Real power transfer 
controller: Kp3=0.8, Ti3=0.01), (AC voltage controller: 
Kp4=0.8, Ti4=0.001). The advantage of using such simple 
scheme is that it is a generic standard control method which is 
highly suitable for practical applications [21]. 
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Fig. 3 Voltage vectors of Group M-N in rotating reference frame 
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(a) VSC1 control diagram 

  
(b) VSC2 control diagram 

Fig. 4 PI control schemes of BtB-STATCOM 

 

Pulse generating circuit for each six-pulse converter units 
(a-h) is presented in Fig. 5. Synchronization of the pulses with 
the d-axis is ensured by measuring of θ1 (for VSC1) and θ2 
(for VSC2) with PLL blocks. Noting that 16 pulse generation 
circuits similar to this one are required for BtB-STATCOM 
operation.  

 

 

SIN

pulse generator
phase-A

g1

1V
�

PLL 4θ
+

+

60 Hz

+ freq

mag

1.0

phase

0°

A

B

comparator

0

pulse generator
phase-B

pulse generator
phase-C

g4

SIN

g3

4θ
+

+

60 Hz

+ freq

mag

1.0

phase

-120°

A

B

comparator

0 g6

SIN

g5

4θ
+

+

60 Hz

+ freq

mag

1.0

phase A

B

comparator

0 g2
120°

Eq. (10)
Eq. (11)

VD
ref

VQ
ref

α
δ

Mφ

Nφ

Mφ , Nφ

Mφ , Nφ

7.5º, 0.0º, -7.5º, -15º 

7.5º, 0.0º, -7.5º, -15º 

-

-

-

+

 

From PI 
control blocks

Mφ , Nφ

7.5º, 0.0º, -7.5º, -15º 

calculation of phase shifts pulse generation

VM VN

3V
�

or

 
Fig. 5 Pulse generator circuit for two-level six-pulse converter

 

V. SIMULATION RESULTS AND DISCUSSION 

The validity of the proposed BtB-STATCOM and its 
control schemes are tested through comprehensive simulation 

cases in a multi-machine power system (base power: 100 
MVA at 60 Hz, transmission level: 154 kV) with a solution 
time step of 20 us in PSCAD/EMTDC. This power network 
resembles a small portion of the central New York State 
transmission system in much simplified way [22]. The system 
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is mainly constructed by standard blocks of PSCAD main 
library. Transmission lines are modelled by standard coupled 
pi section and loads are modelled as constant PQ absorbing 
modules. Parameters of the system are given in Appendix. DC 
link voltage is controlled at 2.0 kV throughout all simulation 
cases. 
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Fig. 6 BtB-STATCOM with multi-machine power system 

A. Case1: Start-up transients 

BtB-STATCOM is started up to control bus voltages (V1 
and V3) at 1.0 pu and to enable real power transfer between 
Bus 1 & 3. Noting that uncontrolled bus voltages are 0.99 pu 
and 0.97 pu, respectively. Real power transfer (Ptransfer2) is set 
at 0.5 pu. Since start-up transients are highly dependent upon 
voltage ramp up time of the generators in PSCAD/EMTDC, a 
ramp-up time of 0.05 s, divisible into the period of the 
fundamental frequency, is selected [23]. The results are 
graphically presented in Fig. 7(a)-(j). No overshoot is 
observed in the tracking signals of bus voltages in Fig. 7(a)-
(b). V1 and V3 come to their desired values with no steady-
state error within 0.06 s and 0.8 s, respectively. This is due to 
different reactive power requirements of each bus. The steady-
state magnitudes of injected reactive powers into Bus1 and 
Bus3 are 13 MVar and 65 MVar, respectively. Fig. 7(c) shows 
the response of the real power transfer from Bus1 to Bus3 to a 
step change of 0.5 pu (50 MW) at t=0+. After 1.4 s, real power 
flow comes to its desired value with no overshoot. The DC 
link voltage regulation is a key factor for the successful 
operation of voltage source based converters. On account of 
this, E is tightly regulated at 2.0 kV (Fig. 7(d)). Actual DC 
link voltage settles on 2.0 kV line within 0.2 s. Figs. 7(e)-(j) 
show some related signals taken from the simulation. 

B. Case 2: Response of step changes to the real power 

transfer reference 

BtB-STATCOM is commanded to reverse real power 
transfer between Bus 1 and Bus 3 from 0.4 pu to -0.4 pu at 4.0 
s and restore it back to its previous value at 6.0 s. The other 
reference points of BtB-STATCOM control loops are kept 

unchanged as in case 1. Fig. 8(a)-(h) show the traces of this 
case study. Fig. 8(a) shows that real power transfer reaches to 
its commanded values in around 1.0 s after the step change 
command has been applied. The response is robust with no 
steady-state error. The DC link voltage stays constant after 
following a 20 % undershoot and 25 % overshoot. The 
response of V1 and V3 is constant on 1.0 pu line and not shown 
here. Although practical PI controllers are utilized, all 
responses regarding this case study exhibit stable 
performance. BtB-STATCOM is able to reverse the direction 
of real power transfer between neighbouring buses without 
disturbing other control parameters.  

C. Case 3: Single-phase to earth fault 

The dynamic performance of the BtB-STATCOM is 
evaluated by applying phase-A to earth fault at the middle of 
the Line 2-3 at 10.5 s for 100 ms and cleared without any 
change in the network configuration. Probability of realization 
of such a disturbance is high as the ratio of single-phase to 
earth faults is about 80-81 % of fault types [24]-[25]. The 
reference values of all control loops of BtB-STATCOM are 
kept constant as in case 1. Fig. 9(a)-(j) show simulated 
responses to the fault. The rms voltage magnitudes of 
compensated buses without/with BtB-STATCOM are 
compared and presented in Fig. 9(a)-(b). V1 and V3 returns to 
their controlled values within 1.0 s after the fault is cleared 
and an overshoot of less than 0.25 % and 2.5% is observed, 
respectively. Voltage sag does not go below more than 0.5 % 
of nominal value of V1 and 7.5 % of nominal value of V3, 
respectively. For both measurements, BtB-STATCOM could 
hold voltage levels higher than the uncompensated case during 
fault. Real power transfer drops around 17.0 % of its nominal 
value during fault but it restores within 1.65 s with an 
overshoot of 2.5 % after the fault is cleared. PI control could 
hardly keep DC link voltage at its steady-state value against 
sustained oscillation, but DC link voltage returns to its 
controlled value within around 0.7 s following after the fault. 
It has been deduced that the magnitude of the real power 
transfer is inversely proportional to the DC link voltage 
controller performance. Tracking performances of all PI 
controllers show that the controlled parameters do not pass to 
unstable region even though the controllers have simple 
structure in nature. Fig. 9(e)-(j) demonstrates some recorded 
signals of BtB-STATCOM related with this case study.  

D. Case 4: Three-phase short circuit 

A three-phase short circuit (the most severe disturbance) 
with the occurrence probability of 1.5-3.0% [24]-[25] is 
applied to the middle of the Line 2-3 at 10.5 s for 100 ms and 
cleared. The reference values of all control loops of BtB-
STATCOM are kept constant as in case 1. Fig. 10(a)-(j) show 
comparative simulated responses to the short circuit. Voltage 
sag less than 1.5 % and swell no more than 1.0 % have been 
recorded for V1 in Fig. 10(a). BtB-STATCOM retrieves the 
voltage magnitude to its controlled value in less than 1.5 s. In 
Fig. 10(b), voltage sag for Bus 3 goes 40% of nominal value 
and recovers in around 1.5 s after the fault is cleared. Real 
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power transfer is severely disturbed since Bus 3 is next to the 
fault location. It drops to a negative value that the direction of 
flow has been temporary reversed from 40 MW to -4 MW due 
to fault. The disturbance lasts no more than 2.5 s. Combining 
Fig. 9(c) and Fig. 10(c), the excursions occurred in real power 
transfer for this case study is more than those of case 3. DC 

link voltage recorded in Fig. 10(d) is more ludic than the trace 
observed during phase-A to earth fault condition (Fig. 9(d)). 
The performances of PI controllers are relatively poor in case 
of three-phase fault but without losing stability. Fig. 10(e)-(j) 
also present some recorded signals of BtB-STATCOM related 
with this case study. 

 
 

 
(a) Bus 1 line-to-line rms voltage control by BtB-STATCOM at start-up for a step-change of 1.0 pu 

 
(b) Bus 3 line-to-line rms voltage control by BtB-STATCOM at start-up for a step-change of 1.0 pu 

 
(c) Real power transfer control by BtB-STATCOM from Bus1 to Bus3 at start-up for a step-change of 0.5 pu 

 
(d) DC link voltage control at start-up for a step-change of 2.0 kV 

 
(e) Calculated phase shifts for converter M & N of VSC1 (phA=ФM and phB=ФN) during start-up 

 
(f) Calculated phase shifts for converter M & N of VSC2 (phA=ФM and phB=ФN) during start-up 
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(g) VSC1 controller output signals during start-up 

 
(h) VSC2 controller output signals during start-up 

 
(i) Injected three-phase currents by VSC1 during start-up 

 
(j) Injected three-phase currents by VSC2 during start-up 

Fig. 7 Simulated waveforms of start-up transients (Case 1) 
 

 

 
(a) Reversing real power transfer by BtB-STATCOM from Bus1 to Bus3 

 
(b) DC link voltage transients 
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(c) Calculated phase shifts for converter M & N of VSC1 (phA=ФM and phB=ФN) 

 
(d) Calculated phase shifts for converter M & N of VSC2 (phA=ФM and phB=ФN) 

 
(e) VSC1 controller output signals 

 
(f) VSC2 controller output signals 

 
(g) Injected three-phase currents by VSC1 reversing real power transfer 

 
(h) Injected three-phase currents by VSC2 reversing real power transfer. 

Fig. 8 Simulated waveforms during reversal of real power transfer (Case 2) 
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(a) Bus 1 voltage response to phase-A to earth fault at 10.5 s 

 
(b) Bus 3 voltage response to phase-A to earth fault at 10.5 s 

 
(c) Real power transfer response to phase-A to earth fault at 10.5 s 

 
(d) DC link voltage response to phase-A to earth fault at 10.5 s 

 
(e) Phase-shift angles of VSC1 in response to phase-A to earth fault at 10.5 s. (phA=ФM and phB=ФN) 

 
(f) Phase-shift angles of VSC2 in response to phase-A to earth fault at 10.5 s. (phA=ФM and phB=ФN) 

 
(g) VSC1 controller output signals in response to phase-A to earth fault at 10.5 s 
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(h) VSC2 controller output signals in response to phase-A to earth fault at 10.5 s 

 
(i) Three-phase injected currents into Bus1 in response to phase-A to earth fault at 10.5 s 

 
(j) Three-phase injected currents into Bus3 in response to phase-A to earth fault at 10.5 s 

Fig. 9 Simulated waveforms during phase-A to earth fault (Case 3) 
 

 
(a) Bus 1 voltage response to three-phase fault at 10.5 s 

 
(b) Bus 3 voltage response to three-phase fault at 10.5 s 

 
(c) Real power transfer response to three-phase fault at 10.5 s 
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(d) DC link voltage response to three-phase fault at 10.5 s 

 
(e) Phase-shift angles of VSC1 in response to three-phase fault at 10.5 s. (phA=ФM and phB=ФN) 

 
(f) Phase-shift angles of VSC2 in response to three-phase fault at 10.5 s. (phA=ФM and phB=ФN) 

 
(g) VSC1 controller output signals 

 
(h) VSC2 controller output signals 

 
(i) Three-phase injected current into Bus1 in response to three-phase fault at 10.5 s 

 
(j) Three-phase injected current into Bus3 in response to three-phase fault at 10.5 s 

Fig. 10 Simulated waveforms during three-phase fault (Case 4) 
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E. Case 5: THD Content 

Table I shows THD of voltages/currents during BtB-
STATCOM steady-state operation in case 1. The 
voltage/current harmonics are within acceptable limits of 
IEEE-519 standard [26].  
 

TABLE I 
THD CAUSED BY BTB-STATCOM 

%THD Bus1 Bus3 
Bus Voltage 0.33 0.30 

Injected Current 1.60 1.22 

VI. CONCLUSION 

Quasi multi-pulse VSC, pulse generating circuits, and 
control schemes for BtB-STATCOM has been designed and 
verified through different simulation scenarios in 
PSCAD/EMTDC. Independent control of voltage magnitude 
and phase angle of the converters without high frequency 
pulse width modulation makes the use of separate control for 
active and reactive power possible. Conventional PI 
controllers are robust and yet practically applicable to voltage 
magnitude and real power transfer control owing to their 
simplicity. THD levels of the two converters comply with the 
regulations even the switching is made at low frequency. This 
study can easily be extended to VSC-HVDC transmission with 
DC transmission lines. Moreover, with back-to-back 
converters it is also possible to supply a fixed amount of bi-
directional power flow between micro-macro grid.  

APPENDIX 
MULTI-MACHINE SYSTEM DATA (SBASE=100 MVA)  

Line Name R (Ω) Line Name R (Ω) 
1-2 1.78 31.4 1.83E-4 
1-4 1.13 19.9 1.16E-4 
1-5 - 0.237 - 
2-3 1.25 22.0 1.28E-4 
2-3p 1.25 22.0 1.28E-4 
2-6 - 0.047 - 
3-4 1.25 22.0 1.28E-4 
3-4p 1.25 22.0 1.28E-4 
4-7 - 0.047 - 

Load Location Load   
@ Bus 2 0.15+j0.5 pu   
@ Bus 3 1.25+j0.5 pu   
@ Bus 4 0.9 + j0.3 pu   
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