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ABSTRACT 
Partial core inductors and transformers for high voltage 
testing of generator insulation have been designed, 
developed and built by the University of Canterbury since 
2002. A partial core transformer is a compromise between 
a traditional full core and coreless transformer. It consists 
of a laminated ferromagnetic central core around which 
the primary and the secondary windings are wound. The 
outer limbs and the yokes are not present. This makes a 
partial core transformer superior to its full core 
counterpart as far as cost, weight and ease of 
transportation are concerned, while maintaining its 
functionality. 
 The lack of a closed core reduces the magnetising 
reactance (Xm) and increases the reactive power 
requirement of the partial core transformer. This paper 
deals with the application of a single phase voltage source 
converter (VSC) based STATCOM to a low voltage 
partial core transformer, to compensate the inherent 
higher lagging VArs of the partial core transformer.  
Hence the transformer, with an added compensator, can 
be used like a normal full core transformer. 
 The single phase partial core transformer with a 
STATCOM is modelled using PSCAD/EMTDC software. 
A simple, yet robust control system is designed. 
Simulation results reveal the performance of the 
STATCOM and partial core transformer with inductive, 
capacitive and resistive loads. 
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1. Introduction 
 
A transformer is a stationary apparatus which transforms 
electric power in one circuit into electric power of the 
same frequency in another circuit with differential 
voltages [1]. A conventional single phase power 
transformer has two inductive windings separated 
electrically but linked magnetically by a path of low 
reluctance i.e. through a closed or full core of the 
ferromagnetic material as shown in figure 1(a). 
Generation of a high core flux density using a relatively 

low magnetising current is possible because of the high 
permeability of the ferromagnetic core. Transformer 
designs with high voltages per turn for the windings are 
possible due to the ferromagnetic core, which minimises 
the lengths of the winding material used and hence lowers 
the copper losses [2]. These features cannot be 
accomplished in a cost effective, light weight coreless 
transformer. The percentage magnetising current in a 
coreless transformer is a much higher percentage (>95 %) 
of its total current rating, which is the major hurdle. 
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Figure 1(a). A Full Core Transformer 
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Figure 1(b). A Partial Core Transformer 

 
 A compromise between a full core and coreless 
transformer is a partial core transformer. It consists of a 
laminated ferromagnetic central core around which the 
primary and the secondary windings are wound. The outer 
limbs and the yokes are absent as shown in figure 1(b). 
The combination gives a better magnetisation than a 
coreless transformer and maintains the leakage flux at an 
acceptable level. This also means that the overall weight 
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and volume of the partial core units can be significantly 
reduced. They are also easy to manufacture [2]. 
 Since 2002, the University of Canterbury has 
designed, built and developed high voltage resonating 
partial core inductors and transformers for high voltage 
testing of generator insulation [3][4][5]. Many of the 
hydro-generators in New Zealand were successfully tested 
with this compact HV resonant testing kit which weighs 
approximately 300 kg. This has replaced a full core HV 
resonant testing kit weighing around 6 tonnes. 
                                              
 
2. Concept of STATCOM Controlled Partial 

Core Transformer 
 
In the case of a partial core transformer, the lack of closed 
core reduces the magnetising reactance (Xm) significantly 
and increases the reactive power requirement. Thus it 
draws a higher magnitude of lagging current from the 
supply as compared to its full core counterpart. If this 
demand is supplied by a compensator which can make the 
mains supply redundant as far as the reactive component 
is concerned, the partial core transformer can be used like 
a full core transformer. Its applications can be found 
where weight, size and ease of transportation are the 
major priorities e.g. relocatable compensating systems [6]. 
 In recent years there has been significant progress in 
the development of voltage source converter (VSC) based 
reactive power controllers. The ability to generate reactive 
power without the presence of large reactive energy 
storage elements makes them very useful in power 
applications. In a three phase system, this is accomplished 
by making the currents circulate through the phases of the 
a.c. system with the aid of power switching devices [7]. 
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Figure 2. Proposed STATCOM Controlled Scheme for a 

Partial Core Transformer 
 
 As shown in Fig. 2, a single phase VSC-based 
STATCOM is connected to the supply side (or the low 
voltage side) of the partial core transformer.  In order to 
minimise the total harmonic distortion in the supply 
current, the a.c. terminals of the converter are connected 
to the a.c. mains supply through a first order low pass 
filter [8]. 

 Ls is the series inductance, Rs represents the active 
losses of the converter and C is the capacitor on the DC 
side. Proper sizing of the DC capacitor is essential for 
satisfactory transient performance, controlling ripple on 
the DC side and lowering the system cost [8]. 
 
2.1 Controlling the Reactive Power by a STATCOM 
 
As shown in equation 1, the magnitude and nature 
(inductive or capacitive) of reactive power (Q) exchange 
between the STATCOM and the system can be adjusted 
by controlling the voltage drop across the equivalent 
series impedance  (X) between the a.c. side of the 
STATCOM  and the system voltage. 
 

s
sSTATCOM V

X
VVQ −

=                        (1) 

                                               
where VSTATCOM and Vs are the magnitudes of STATCOM 
output voltage and system voltage respectively. If Q is 
positive, the STATCOM delivers reactive power to the 
system. Otherwise STATCOM absorbs reactive power 
from the system [9]. The VSTATCOM can be controlled 
either by adjusting the modulation index of the PWM 
waveform or by changing the phase angle α between the 
VSTATCOM and Vs. In this paper later scheme is employed. 
 
 
3. Parameters of a Single Phase Partial Core 

Transformer 
 
A 2.52 kVA, 90/345/90 V, 50 Hz low voltage partial core 
three winding transformer with rectangular windings is 
chosen to perform experiments on and is modelled using 
PSCAD/EMTDC software. In order to determine its 
parameters, short circuit and open circuit tests were 
performed on all the three windings.  
 

Table 1 
Electrical Characteristics of the Chosen Partial Core 

Three Winding Transformer 
Parameter Value Unit 

Rated apparent power 2.52 kVA 
Rated winding voltages 90/345/90 V 
Rated winding currents 28/7.30/28 A 

Zps = 0.296 + 0.308 j Ω 
Zst  = 0.31 + 0.271 j Ω 

Short circuit impedances 
(All referred to the 
primary side) Zpt =  0.50 + 0.024 j Ω 
No load losses 0.04 p.u. 
Copper losses 0.1 p.u. 
Xm 5.1 Ω 

 
 These parameters are presented in Table 1, where, p, 
s and t denote the primary (supply), secondary (high 
voltage), and tertiary (unused) windings respectively. Zps 
is the leakage impedance measured in the primary 
winding when the secondary winding is short circuited 
and the tertiary winding is kept open, Zst is the leakage 
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impedance measured in the secondary winding when the 
tertiary winding is short circuited and the primary 
winding is kept open and Zpt is the leakage impedance 
measured in the tertiary winding when the primary 
winding is short circuited and the secondary winding is 
kept open [10]. 
 
 
4. Design of the STATCOM 
 
The STATCOM design is considered not only for 
compensating the reactive power required by the lower 
Xm of the partial core transformer, but also for 
generating/absorbing additional VArs if required by the 
load to reduce the burden on the mains. The value of Xm 
of the partial core transformer is calculated as 5.1 Ω, 
which requires 1586 VArs to be supplied by the 
STATCOM. The rating of the STATCOM is considered 
as ±2 kVAr. 
 
4.1 Current Rating of the STATCOM 
 
The current rating of the STATCOM is related to the total 
reactive power delivered to the load and partial core 
transformer for compensating Xm.  
 

sstotal IVQ ×=                                  (2) 
 
where Vs is the a.c. mains voltage (i.e. 90 V r.m.s.) and Is 
the STATCOM line current. After substituting the values 
of Vs and Qtotal (i.e. 2 kVAr) the current rating of the 
STATCOM is 22.22 A. [11]. 
 
4.2 Determination of Series Inductance (Ls)  
 
The equation for determining the series inductance for a 
single phase STATCOM is derived from [12]. 
                                  

sL = 
p)ripple(ps

ad

If4
mV

−××
×                            (3) 

 
where, Ls is the series inductance, Vd is the DC voltage 
across the electrolytic capacitor, ma is the modulation 
index (= 1), Vs is the supply voltage (i.e. 90 V). The 
switching frequency, fs of the PWM synthesised is chosen 
as 1350 Hz. Iripple(p-p) is the peak-peak ripple current which 
is allowed to be 6% of the total current. Thus the peak-
peak ripple current is given by 
 

A.3.7722.220.0622I peak)kripple(pea =××=−         (4) 
 
 For calculating Ls, the maximum magnitude of Vd 
(≈ max

STATCOM2V ) is taken into account.  From equation 1, 
it can be seen that the magnitude of STATCOM output 
voltage controls the reactive power exchange between the 
STATCOM and the system assuming that the system 

voltage and the series impedance are kept constant. Re-
writing the equation 1, for the maximum rated reactive 
power (= 2000 VAr) that the STATCOM can deliver. 
                         

90
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d
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⎟
⎟
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⎠

⎞

⎜
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⎜
⎜

⎝

⎛ −
=                            (5) 

 
 Substituting the value of Iripple(peak-peak) in eq. 3 and 
simultaneously solving the equations 3 and 5, magnitudes 
of Vd = 244.3 V and Ls = 12 mH are obtained. Approx. 
voltage drop across the pair of power switches is assumed 
to be 6 V and added to Vd and hence Vd becomes 250.3 V. 
Series resistance, Rs representing the active losses 
assumed to be 0.3 Ω. 
 
4.3 Choosing the Value of DC Capacitor (C) 
 
Selection of the DC capacitor is a compromise between 
the transient performance of the system and the voltage 
ripple on the DC side. The equations for proper sizing of 
the DC capacitor for one inverter system are detailed in 
[10]. The DC capacitor peak to peak voltage ripple is 

given by 
C2
Im

  ΔV a
c ω
=  from which the value of C can be 

derived, 
 

c

a

V2ω
ImC

Δ
=                                    (6) 

 
 The selected value of DC voltage ripple is 15 V, 
which is 6% of the selected Vd (= 250 V). After 
substituting the required values in equation 6, the 
magnitude of the DC capacitor is found to be 2357 μF. 
The nearest commercially available value is 2350 μF. 
 
4.4 Control System Design  
 
The control system derived is simple with an indirect 
approach of a dc capacitor voltage control as shown in Fig 
(3). This can be implemented on a compatible micro-
controller or DSP chip. The voltage Vs and the current, Is, 
are measured from the supply side. Is is measured by 
sensing the voltage drop across Rsense, (0.01 Ω) the current 
sensing resistor. In order to obtain reactive component of 
the supply current, phase angle is between Is and Vs is 
measured by zero crossing detection. False or multiple 
zero-crossing detections are avoided by filtering the 
current and voltage signals. 
 The supply current is then decomposed into real and 
reactive components. The reactive component of the 
supply current is then compared with the reference (Ref 
Iq).  The error signal thus obtained is processed by a PI  
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Figure 3. Automatic Control System Implemented for the STATCOM Controlled Partial Core Transformer. 

 
controller that generates the appropriate angle,α , which 
determines a phase shift between the output of the 
converter and the mains voltage. Depending on whether 
the load seen by the STATCOM is an inductive or 
capacitive, the angle α  is added or subtracted from the 
synchronised supply voltage angle, θ  respectively.  This 
controls the real power exchange between the STATCOM 
and the system, and thus the DC capacitor voltage is 
regulated [10] [13]. The scheme also should work for 3-
phase transformer. 
 The values of proportional (kp) and integral constants 
(ki) of the PI controller can be derived from Bode plot or 
root locus analysis [14]. In this application, reliability, 
robustness, simplicity and cost effectiveness are more 
important than the transient response of the system. The 
selected values for kp and ki are 0.241 and 2.41 
respectively. 
 
 
5. Simulation Results 
 
Performance of a 2.52 kVA, 90/345/90, 50 Hz partial core 
single phase three winding transformer (of which one of 
the winding is kept open) connected to the ± 2 kVAr 
single phase STATCOM is simulated on a digital 
computer by using PSCAD/EMTDC software.  
 

Table 2 
Parameters of the Single Phase STATCOM to be 

Connected to the Partial Core Transformer 
Parameter  Value  Unit  
Vs 90 V 
Q ± 2000 VAr  
Ls 12  mH 
Rs 0.3  Ω 
Vd (max) 250.3 V  
ΔVc 15   (6% of 250) V 
C 2350  μF 
fs 1350  Hz  

 
 Table 2 summarises the main parameters of the 
system. 

5.1 Operation of the Partial Core Transformer on No 
Load  

 
Under no load, without any compensation the partial core 
transformer draws current of magnitude 17.6 A. 
Application of the STATCOM reduces this burden on the 
supply and only the real component of current i.e. 2.8 A is 
drawn from the supply side. Power factor at the supply 
side is improved from 0.08 (lagging) to 0.99 (leading). 
The supply current waveform is, injected with the ripple.  
The waveforms of the supply voltage, supply current, 
current flowing through the DC capacitor and DC side 
voltage are shown in Fig. 4. 
 

 
Figure 4. Behaviour of the Supply Voltage, Vs,  Supply   
Current, Is, Current on DC Side and Voltage across the 
DC Capacitor  when the STATCOM Controlled Partial 

Core Transformer is Excited on No-Load. 
 
5.2 Operation of the Partial Core Transformer under 

an Inductive Load Situation 
 
An inductive load of 473 VAr is connected to the high 
voltage winding of the partial core transformer. Before 
connecting the STATCOM to the supply side, total 

35



current drawn from the supply was 22.5 A. This current is 
reduced to its real component i.e. 3.7 A after the 
STATCOM connection. Power factor at the supply side is 
improved from 0.08 (lagging) to 0.99 (leading). Thus this 
portable transformer kit can be well used for inductive 
loads.  The waveforms of the supply voltage, supply 
current, current flowing through the DC capacitor and DC 
side voltage for the inductive load are shown in Fig. 5. 
 

 
Figure 5. Behaviour of the Supply Voltage, Vs, Supply 
Current, Is, Current on DC Side and Voltage across the 
DC Capacitor when the STATCOM Controlled Partial 
Core Transformer is Excited with an Inductive Load 

Connected to its HV Winding. 
 
5.3 Operation of the Partial Core Transformer with a 

Capacitive Load 
 
Though most of the loads connected to the distribution 
system are inductive in nature, some loads which are 
encountered while testing generators, transformers, cables 
etc are capacitive in nature. The low magnetising 
reactance of the partial core transformer itself 
compensates much of the capacitive reactance; hence 
higher capacitive loads up to 3000VAr can be well 
handled by the proposed system. When the STATCOM 
absorbs reactive power, DC capacitor voltage reduces and 
hence percentage ripple content in the DC voltage 
increases. 
 Capacitive load of 3000 VArs is connected to the 
high voltage winding of the partial core transformer and it 
draws 17.6 A from the supply. After application of the 
STATCOM, the current drops down to 4.8 A. Power 
factor on the supply side has improved from 0.19 
(leading) to 0.97 (lagging).  Harmonic distortion and 
ripple content in the supply current are much lesser as 
compared to the loads are inductive in nature. Fig. 6 
shows the waveforms of the supply voltage, supply 
current, current flowing through the DC capacitor and DC 
side voltage for the capacitive load. 
 

 
Figure 6. Behaviour of the Supply Voltage, Vs, Supply 
Current, Is, Current on DC Side and Voltage across the 
DC Capacitor when the STATCOM Controlled Partial 
Core Transformer is Excited with a Capacitive Load 

Connected to its HV Winding. 
 
5.4 Transient Response of the System  
 
Fig. 7 shows the transient performance of the STATCOM 
connected partial core transformer. Initially, a capacitive 
load of 1536 VArs (as seen from the STATCOM) is 
connected to the HV winding of the transformer.  
 

 
Figure 7. Transient Response of the STATCOM   

 
 Suddenly, at 6th second the load is removed, and the 
load seen from the STATCOM becomes inductive having 
magnitude of 1564 VArs. Simulations show that 
STATCOM can handle this sudden change of 1536 VArs 
(leading) to 1564 VArs (lagging) without loss of stability. 
Voltage on the DC side increases approximately from 41 
V to 213 V. Angle corresponding to the phase shift, α, 
changes from +3.30o to -3.67o. Power factor changes from 
0.99 leading to 0.97 lagging. 
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6. Implementation of the Proposed Scheme 
using a PIC18F4680 Microcontroller 

 
Work is in progress to develop a prototype of the 
proposed system. Implementing the full control system 
digitally reduces the complications, the need for passive 
components and the cost of manufacture, yet allows 
greater flexibility. 
 All required peripherals like A/D converters with 10 
bit resolution, enhanced PWM module with auto 
shutdown and restart capability, comparators, etc. are 
incorporated in one chip with 10 different oscillator 
modes.  The simulated control system in 
PSCAD/EMTDC can be implemented in the 
microcontroller. 
 
 
7. Conclusion 
 
The partial core transformer is a compromise between a 
conventional full core transformer and a coreless 
transformer. It is superior to its full core counterpart as far 
as cost, weight and ease of transportation are concerned, 
while maintaining its functionality. 
 In case of a partial core transformer, the lack of 
closed core reduces the magnetising reactance (Xm) and 
increases the reactive power requirement and hence may 
not be useful as a power transformer. For overcoming the 
above problem, the concept of a single phase VSC based 
STATCOM controlled partial core transformer is detailed 
in this paper. Simulations in PSCAD/EMTDC software 
reveal the performance of the proposed scheme. The 
single phase VSC based STATCOM supplies the required 
reactive power for compensating the magnetising 
inductance and hence only the real component of the 
current is drawn from the supply side. The performance of 
the proposed scheme is tested for lagging as well as 
leading loads. Though the STATCOM makes the supply 
redundant as far as reactive power is concerned, it also 
injects ripple into the supply current.  
 The transient response reveals that the system is 
stable with no oscillations. The size of the DC capacitor is 
a trade off between the transient response and ripple 
content. With the application of a STATCOM, a partial 
core transformer can be used like a conventional full core 
transformer with added compensation. 
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