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Abstract—This paper presents the performance analysis of
simultaneous AC-DC power transmission scheme under bal-
anced and unbalanced loading conditions. Simulation and ex-
perimentation based verification of simultaneous AC-DC power
transmission scheme is already discussed in detail in literature.
However, available literature dose not discuss the performance
of this scheme under different load conditions which is most
likely to occur in a practical power system. Zig-Zag transformer,
which is a fundamental component of simultaneous AC-DC
transmission scheme, behaves differently under balanced and
unbalanced load situations. So, the validity of above discussed
scheme for power transmission needs to be analyzed under
different load conditions. This paper presents MATLAB/Simulink
based analysis of simultaneous AC-DC transmission system under
balanced and unbalanced load conditions.

I. INTRODUCTION

Surge Impedance Loading (SIL), voltage drop limit and
thermal power flow limits are three main limitations that
limit the power transfer capability of AC transmission lines.
Product of sending and receiving end voltages divided by
characteristic impedance gives magnitude of SIL which de-
cides the maximum power transfer capability of transmission
line for a stable operation. Similarly, loss of tensile strength
and sag in transmitting conductors are proportional to the
conductor temperature which puts a thermal limitation over
the power that can be transmitted through AC transmission
line. Since the instantaneous power transfer in AC transmission
lines directly depends upon transmission angle, which is angle
difference between sending and receiving end voltages, so the
transmission angle is practically limited to 300 [1], [2], [2],
[3]. Considering the three limitations on AC transmission line,
a simultaneous AC-DC transmission scheme is presented to
enhance the power transfer capability of transmission system
[4].

Basic component of simultaneous AC-DC transmission
scheme is Zig-Zig transformer [5]. Zig-Zag transformer is a
three phase, three winding transformer in which each phase
winding is split into two parts and each part of winding is
wound on two different limbs. Due to this type of winding
configuration, any DC component present in three phase AC
supply at its primary side does not saturate the core of trans-
former [6]–[8]. This characteristics of Zig-Zag transformer is
utilized in simultaneous AC-DC transmission scheme. Three
phase AC supply is given at three phase winding whereas DC
voltage is supplied at neutral point of Zig-Zag transformer. A

reliability study of simultaneous AC-DC transmission scheme
also establish the usefulness of the proposed scheme as well as
associated protection scheme requirement for implementation
of the scheme [9].

However, simultaneous AC-DC transmission scheme pro-
posed in literature does not present the performance of pro-
posed system under unbalanced load condition. Winding con-
figuration of Zig-Zag transformer is such that the half of
the winding of one phase is wound on one limb and the
rest half on another limb. Under unbalanced load condition,
when different phases have different magnitude of currents,
performance of Zig-Zag transformer may deviate from what
expected in balanced load condition. This paper presents the
mathematical modeling of Zig-Zag transformer which includes
the effect of unbalancing in load. Simultaneous AC-DC trans-
mission scheme is simulated and analyzed under unbalanced
load condition.

This paper is organized as follows. Section II presents the
mathematical modeling of Zig-Zag transformer. Section III
presents the modeling of simultaneous AC-DC transmission
system operating under balanced and unbalanced load condi-
tions. Simulation based results and subsequent discussion are
presented in section IV. Conclusion follows next.

II. MODELING OF ZIG-ZAG TRANSFORMER

Zig-Zag transformer is a three phase, three winding trans-
former as represented in fig. 1. Unlike two winding transform-
ers, where there are one primary and one secondary winding
for each phase, a Zig-Zag transformer has one winding per
primary phase and two winding per secondary phase. In
a Zig-Zag winding configuration, each core limb has two
secondary winding, but belonging to different phases. Due to
this configuration, a Zig-Zag transformer can provide phase
shift in addition to the desired voltage transformation at its
secondary.

Mathematical modeling of transformer is normally pre-
pared based on electromagnetic coupled circuit theory. In this
method, transformer windings are presented as two mutually
coupled coils. Fig. 2 presents the Delta-Zig-Zag configured
Zig-Zag transformer used in this study,where a three phase AC
supply is provided at its primary. The secondary of transformer
is connected in Zig-Zag star connection and neutral terminal is
supplied by a DC source. As indicated in fig, VA, VB , VC are
three phase supply voltages on primary side, IA, IB and IC
are line currents on primary side of the transformer. Three978-1-4799-5141-3/14/$31.00 c© 2016 IEEE



Fig. 1. Three phase, three winding transformer

phase primary side winding voltages and winding currents
are presented as VWI , VW3, VW5 and IW1, IW3, IW5 respec-
tively. As explained before, secondary side winding of Zig-
Zag transformer consists of six windings out of which each
pair is dedicated for one phase. However, as presented in
fig. 2, each phase winding consists of half windings from
different core limbs. Phase a consists of winding 3 and 8,
phase b consists of winding 6 and 2, phase c consists of
winding 9 and 5. Following the same, secondary half winding
voltages are V3, V8, V6, V2, V9 and V5. Three phase secondary
voltages are presented as VW2, VW4 and VW6. Secondary
Zig-Zag winding is connected in star connection and a DC
voltage VDC is connected at the neutral terminal of star
connection. Va, Vb, Vc and Ia, Ib, Ic are three phase secondary
output voltage and secondary line currents respectively. Eq. 1-
6 presents transformer winding voltages in terms of terminal
voltages of both primary and secondary sides.

Vw1 = V1 (1)
Vw3 = V4 (2)
Vw5 = V7 (3)
Vw2 = V3 − V8 (4)
Vw4 = V6 − V2 (5)
Vw6 = V9 − V5 (6)

When terminals of primary and secondary windings are con-
nected as presented in fig. 2, the complete model of Zig-Zag
transformer is prepared. Based on complete circuit diagram,
the relationship between terminal voltages and the phase
voltages and load voltages is presented in eq 7-12.

Vw1 = VA − VB (7)
Vw2 = Va − Vdc (8)
Vw3 = VB − VC (9)
Vw4 = Vb − Vdc (10)
Vw5 = VC − VA (11)
Vw6 = Vc − Vdc (12)

III. SIMULTANEOUS AC-DC TRANSMISSION SCHEME

Composite power transmission scheme is governed by the
ability of zig-zag transformer to transfer both AC and DC
power simultaneously. Three phase AC voltage is supplied at
the three phase primary winding of the transformer connected
in delta configuration. On the secondary side of sending end
transformer, three phase transmission line is connected to
three phase secondary winding. Neutral terminals of secondary

Fig. 2. Delta-Zig Zag configured Zig-Zag transformer

side windings are connected to a DC supply. Transmission
line carries the composite power and connects to the primary
of receiving end transformer which is configured in zig-zag
fashion. At the primary side of receiving end transformer, DC
power tapping is done at the neutral terminal. Three phase
load is connected at the secondary side of the receiving end
transformer. Above discussed scheme is presented in fig. 3.

Power flowing in the transmission line can be presented
in terms of ABCD parameters which connects sending and
receiving end voltages. Eq. 13-16 presents the expression
for sending end voltage, sending end current and active and
reactive power components of sending and receiving end side.

ES = A.ER +BIR (13)
IS = CER +DIR (14)

PS + jQS = −ESE
∗
R/B

∗ +D∗E2
S/B

∗ (15)
PR + jQR = E∗

SER/B
∗ −A∗E2

R/B
∗ (16)

Where, ES and ER are sending and receiving end voltages,
IS and IR and sending and receiving end currents, PS , QS

and PR, QR are sending and receiving end active and reactive
powers.

An in-depth analysis of working of zig-zag transformer
under simultaneous AC-DC transmission scheme is presented
through coupled circuit theory. Each phase winding of the
transformer on primary and secondary side carries phase
current which produces its own magnetic flux. This flux is
known as self flux and flows through core limb. Since, zig-zag
transformer has one half of the one phase winding wound with
one half of another phase winding on same limb, mutual flux
also plays an important role in zig-zag transformer operation.
If φ11 and φ12 are self and mutual fluxes on primary side, φ21
and φ22 are mutual and self fluxes on secondary side, then net
flux on primary and secondary side can be given as follows,

φ1 = φ11 + φ12 (17)
φ2 = φ21 + φ22 (18)

Applying Kirchhoff voltage law, the time varying voltages on



TABLE I. PARAMETERS OF SYSTEM UNDER STUDY

Parameters Values
Three phase AC supply 500 kV (phase), 60 Hz

ZigZag transformer 500 kV/ 1500 kV, 100 MW , 60 Hz
Transformer winding R= 0.002 pu, X= 0.08 pu
Magnetizing branch Lm= 500 pu, Rm= 500 pu

Transmission line rating 600 km, 60 Hz
Line parameters 0.015 Ω/km, 0.792 mH/km, 14.4 nF/ km
Balanced load 30 MW each phase

Unbalanced load 10 MW, 20 MW, 30 MW

primary and secondary side is given as follows,

v1 = r1i1 +N1
dφ11
dt

+N1
dφ12
dt

(19)

v2 = r2i2 +N2
dφ22
dt

+N2
dφ21
dt

(20)

where, r1, r2 are primary and secondary winding resistances,
i1, i2 are primary and secondary winding currents, N1, N2

are number of turns on primary and secondary windings for
desired voltage transformation. Using the classical theory of
coupled inductor circuits, the self and mutual inductances of
individual windings can be determined as follows,

N1φ11 = L11i1 (21)
N2φ22 = L22i2 (22)
N1φ12 = L12i2 (23)
N2φ21 = L21i1 (24)

Based on mathematical modeling presented so far, parameters
of zig-zag transformer and transmission line can be obtained
for a specific design of simultaneous AC-DC transmission
system. Characteristic equations presented in 7-16 are used
in obtaining various performances parameters for proposed
system under balanced and unbalanced load conditions. Table
I presents the specification of components of the system under
study.

IV. RESULTS AND DISCUSSION

Performance of simultaneous AC-DC transmission scheme
is observed under balanced and unbalanced load conditions.
A system consisting of a three phase balanced supply of
500 kV phase to phase voltage is connected to a 600 km
long transmission line through a sending end zig-zag trans-
former. Sending end zig-zag transformer is connected in delta
on supply side and in zig-zag fashion on transmission line
side. On secondary side, a DC voltage source of 100 kV is
connected at the neutral point of zig-zag transformer. At the
receiving end side, an another zig-zag transformer is connected
at transmission side in zig-zag fashion and in delta at load side.
This system is simulated in MATLAB/Simulink environment.
Various parameters of the simulated system have been plotted
to analyze the performance of the system.

A. Balanced Load Condition

For only resistive balanced load condition, simultaneous
AC-DC transmission is analyzed for normal operating condi-
tion and transient fault conditions. A transient fault of line
to ground fault nature initiates at 0.7 sec which persists for
a duration of five cycles is considered as transient fault.
Performance of study system is compared for normal and fault

Fig. 3. Simultaneous AC-DC transmission system

Fig. 4. Supply phase voltage under balanced loading

condition under balanced loading. Fig. 4 presents the three
phase AC phase voltage under normal and fault condition.
Supply voltage suddenly dips to zero during fault and recovers
with a higher than rated value after fault is cleared. This
phenomena affects sending end transformer flux in all fault
affected phases. However, as presented in fig. 5, line to line
supply voltage during fault is higher than the rated voltage.
This becomes an important observation as the different phase
windings of zig-zag transformer are wound on same leg. As a
consequence of non-negative line to line voltage during fault,
transformer magnetizing flux and magnetizing current both
have non zero value during fault condition. Fig. 6-7 presents
the transformer flux flowing through core and magnetization
current respectively.

Transmission line voltage is a combination of AC and DC
voltage which can be observed in fig. 8. Under balanced load
condition, both transmission line current and transmission volt-
age angle remains constant under normal operating condition.
However, under fault condition, both line current and voltage
angle deviates from steady state which can be observed from
fig. 9-10. Voltage angle returns to steady state condition in
a lesser time than line current. This is due to presence of
transmission line inductance. Fig. 11 presents the neutral point
voltgae of receiving end transformer. This neutral point voltage
is tapped as DC voltage available at load end. It is evident
that DC voltage magnitude at load end is equal to DC voltage
supplied from sending end transformer.

B. Unbalanced Load Condition

Under unbalanced load condition, supply phase voltage,
supply line voltage and transmission voltage angle remains
close to that obtained under balanced load condition. However,
transmission line AC-DC combined voltage and transmis-
sion line current behaves differently under unbalanced load
condition. Fig. 12 presents transmission line voltage under
unbalanced load condition which has higher magnitude during
fault condition as against to that obtained under balanced load



Fig. 5. Line to line supply voltage under balanced loading

Fig. 6. Zig-Zag transformer core flux under balanced loading

Fig. 7. Magnetization current of zig-zag transformer under balanced loading

Fig. 8. Transmission line voltage under balanced loading

Fig. 9. Transmission line current under balanced loading

condition. Similarly, transmission line current under unbal-
anced load condition, as given in fig. 13, has higher magnitude
than that obtained under balanced load condition. This can be

Fig. 10. Transmission line voltage angle under balanced loading

Fig. 11. Receiving end transformer neutral point voltage under balanced
loading

Fig. 12. Transmission line voltage under unbalanced loading

Fig. 13. Transmission line current under unbalanced loading

explained from fig. 14-15 which presents the transformer flux
and transformer magnetization current under unbalanced load
condition. Since transformer flux and magnetization current
both have higher fluctuations and harmonic contents under
unbalanced load condition. Due to this reason, transmission
voltage and current does not attain steady state easily and the
circulating energy content causes their higher magnitude. This
effect is also visible in neutral point DC voltage at receiving
end transformer. DC voltage under unbalanced condition for
normal and fault conditions is given in fig. 16-17 which shows
high fluctuations even after fault is cleared.



Fig. 14. Transformer flux under unbalanced loading

Fig. 15. Transformer magnetization current under unbalanced loading

Fig. 16. Receiving eng transformer neutral point voltage under unbalanced
loading for normal operation

Fig. 17. Receiving eng transformer neutral point voltage under unbalanced
loading for fault operation

CONCLUSION

An analysis of simultaneous AC-DC transmission scheme
under balanced and unbalanced load condition has been per-
formed in this paper. Magnetization current and core flux
flowing through zig-zag transformer is found to be different
under balanced and unbalanced load conditions. This differ-
ence results in higher harmonic content in the DC voltage
tapped from neutral point of the receiving end transformer.
The advantage of simultaneous AC-DC transmission scheme
is that it enhances the transient stability and power transfer
capability of transmission line. The observation made in this
paper indicate that to gain these advantages, performance of

the system under different load conditions is necessary to be
taken into account prior to design. This analysis will help in
identifying and designing various protection parameters for the
implementation of simultaneous AC-DC transmission scheme.
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