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Abstract—This paper presents a development of multi-

winding-transformer assisted converters for improved utility 

interface. The proposed system is 96 pulse AC-DC converter 

which consists of two parallel connected 24-pulse AC-DC 

converters together with eight phase shifted diode bridges. 

Other than that, an Interphase transformer and a Zero 

sequence blocking transformer arrangements are used. The 

proposed converter is simulated, and results are presented 

and analyzed in this paper. Power quality aspects relevant to 

the proposed converter are improved. Furthermore, from 

acquired results, viability of the proposed system is ensured 

for its applications. 

Index Terms—Phase shifted diode bridges, Interphase 

transformer, Zero sequence blocking transformer, Power 

quality aspects, AC-DC Converter 

I.INTRODUCTION  

With the recent improvement in power electronic 
equipment, the converters have become an essential part of 
the industrial applications. Hence AC-DC converters are 
prominent with the increasing number of the DC power 
requirement. AC-DC converters are widely used in number 
of modern applications and majority of them are diode-
based converters known as uncontrolled converters. 
Further, three phase multi-pulse AC-DC diode converters 
are categorized into three main components as half bridge, 
full bridge and multi bridge converters [1]. There are 12, 
18, 24, 36, 48, 72etc number of pulses under multi bridge 
converters. Implementation of a multi-winding-transformer 
assisted cascaded diode converter is a significant approach, 
that has been used as a solution for issues incurred with 
diode-based converters mainly as harmonic injection, AC 
voltage distortion and rippled DC output.  

For applications such as adjustable speed drives 
(ASDs), high voltage dc (HVDC) transmission, electro-
chemical processes such as electroplating, 
telecommunication power supplies, battery charging, 
uninterruptible power supplies (UPS), high-capacity 
magnet power supplies, high-power induction heating 
equipment, aircraft converter systems, plasma power 
supplies, and converters for renewable energy conversion 
systems, AC-DC converters are commonly used [2]. This 
proposed AC-DC diode-based converter system also can 
be utilized in similar applications.  

Basically, the criterion for the proposed system is 
recreating different sets of 3 phase voltages with different 
phase shifts and rectifying them separately and arranging 
them together in such a way that the quality of output 
voltage and the net current at the AC side both; are 
improved simultaneously. In order to accomplish 
aforementioned aspects, a multi-winding-transformer 
assisted 96-pulse AC-DC converter is proposed in this 
paper.  

 The first section of the paper represents a comparison 
of a several power quality indices of existing converters. In 
the second section, the proposed multi-winding-
transformer assisted diode converter is presented and 
discussed comprehensively. The final section denotes the 
results and analysis of the proposed system. 

II.COMPARISON OF EXSISTING CONVERTERS 

In this section of the paper, several power quality 
indices of selected existing converters are presented for 
full load and light load conditions. These converters are 
modeled, simulated and results are obtained using 
MATLAB Simulink. In TABLE I, input voltage THD, 
input current THD, displacement factor (DPF), output 
voltage ripple factor (RF), output DC voltage and output 
DC current parameters for selected existing converters for 
full load and light load conditions are indicated.  

From the data presented in Table I, it reveals that with 
the increasing number of pulses the power quality indices 
have been improved. Further, input voltage THD is higher 
for full load condition than in light load condition. But 
input current THD exhibits a contrasting variation from 
input voltage THD under light and full load conditions. 

III.PROPOSED 96-PULSE AC-DC COVERTER 

The proposed 96-pulse AC-DC converter circuit 
configuration is shown in the Fig.1. In this section of the 
paper, the converter configuration is discussed 
comprehensively. Further, special arrangements utilized in 
the converter system is indicated and discussed in the latter 
part of this section. 



 

 
The proposed 96-pulse AC-DC converter is simulated in 
MATLAB Simulink. It is fed from 400V, 50Hz AC three 
phase supply. The load connected to the converter is 
considered to be a 750V/ 18.75kW R-L load.  

Proposed converter system consists of isolated star-
delta/ extended delta transformers. Aforementioned 
transformers are connected to 8 diode bridge converters 
with phase shifts of +3.750, +56.250, +11.250, +48.750, 
+33.750, +26.250, +41.250 and +18.750.  

 After obtaining 48 pulses, number of pulses at output 
is doubled utilizing an interphase transformer. As 
mentioned in [5], interphase transformers reduce the 
number of input transformers and devices required, losses, 
overall size and cost of the converters which contributes to  

 

 

 

Fig. 2 Three phase, 96-pulse AC-DC converter using isolated star-delta/ 

extended delta transformers 
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Power Quality Indices 

THD Vac (%) THD Iac (%) DPF Ripple Factor (%) Output DC Voltage (V) 
Load 

current 

(A) 
Full 
Load 

(100%) 

Light 
Load 

(50%) 

Full 
Load 

(100%) 

Light 
Load 

(50%) 

Full 
Load 

(100%) 

Light 
Load 

(50%) 

Full 
Load 

(100%) 

Light 
Load 

(50%) 

Full 
Load 

(100%) 

Light 
Load 

(50%) 

6-Pulse 1.13 0.68 28.91 29.15 0.931 0.930 3.872 3.746 749.3 750.1 24.98 

12-Pulse 0.79 0.60 14.16 14.42 0.990 0.990 0.944 0.9144 749 749.6 24.97 

24-Pulse 0.48 0.3 6.87 7.06 0.995 0.994 0.2475 0.2342 750 750.2 25 

TABLE  I 

  POWER QUALITY INDICES OF SELECTED AC-DC 

CONVERTERS  

 
Fig. 1 Circuit configuration of proposed 96-pulse AC-DC converter 

 



 

 
the improvement of the proposed converter in both cost 
and volume wise. 

      The two transformers though appear to be complex are 

not so difficult to manufacture. These use ordinary core-

type structure as shown in Fig.3. 

 

 
Fig. 3 Core arrangement od Delta-Extended delta transformer and Star-

Extended delta transformer 

 

      There are seven windings each limb in each 

transformer and combining those two transformers 

proposed multi-winding transformer can be obtained. No. 

of the diodes which are used for the proposed converter is 

high but with the development of the modern power 

electronics it can be consider that it is not a problem 

further. 

 

        To obtain similar power quality for the output, 6-

pulse converter or 12-pulse converter can be used with the 

separate filter. Filters like active, passive and hybrid type 

are used for the already installed converters to improve 

power quality. But as the power rating is increasing 

inductance and capacitance values which required for the 

filter is also increasing. Therefore, it increases not only 

the cost but also the losses. In addition to that, finding the 

required inductors and capacitors is getting difficult when 

L and C values are getting higher. On the other hand, 

input current waveform harmonic cannot be reduced using 

those filters. Therefore, designing the converter to 

improve power quality is better rather than using separate 

filter with less no. of pulse converter at high power 

ratings. 

A. Transformer Connection 

 
Fig. 4 Winding arrangement of the delta-extended transformer  

 

    With respect to Fig 3 that shows the winding 

arrangement of the delta-extended transformer and voltage 

across each winding. We can derive that, 

  

x(√3 tan (300- α)-1) + y(2√3 tan (300- α)) =0                 (1) 

x Cos α +y (Cos α + Cos (600- α) )= V                           (2) 

 

     When V= 400V and α =3.750, it can be shown that, 

x=353.83 V and y= 30.20V. 

 

     Suppose winding which has voltage x across it has Nx 

no. of turns and winding which has voltage y across it has 

Ny no. of turns. Therefore, winding ratio for those 

windings, Nx/Ny becomes 11.716. This winding ratio 

applies for the secondary of two transformers which are 

connected to the +3.750, +56.250, +33.750, 

+26.250rectifiers. 

 

      Similarly, applying V= 400 and α =11.250, we get 

x=257.15 V and y= 90.108V. In this case, Nx/ Ny becomes 

2.854. This winding ratio applies for the secondary of two 

transformers which are connected to the +11.250, +48.750, 

+41.250 and +18.750rectifiers. 

 

A. Interphase Transformer 

As discussed in [3] interphase transformer can be used 

to multiply the pulses in output voltage waveform. In this 

transformer, tapped interphase reactor is used with the two 

diodes and it fulfill two main aspects which are double the 

pulses and reduced the harmonics in supply line current. 

In [4], 72 pulses AC/DC converter is designed by 36 pulse 

AC/DC converter which is based on the delta/polygon 

connected transformer using same concept. 

 

Configuration of the interphase transformer is shown 

in Fig.5. The average output voltage of the bridges are 

same but have 7.5 degrees phase shift with each other. To 

the points A and B output voltages of the paralleled 24 

rectifiers are supplied. The voltage Vm (voltage across the 

interphase transformer) is not a DC voltage but AC 

voltage which has a frequency 24 times of the system. C is 

the mid-point of the interphase transformer. 



 
Fig. 5 Interphase Transformer 

 

Nt is the no. of the turns in interphase transformer 

between the tapped two diodes and N is the total no. of 

turns in the transformer. 

 

As shown in [5], 
 

Vm = VAB = VAO – VBO                                                              (3)                              

VCO = 0.5 (VAO + VBO)                                       (4)  

 

D1 conducts when the Vm is positive while D2 conducts 

when the Vm is negative. So that suppose Vm is positive 

and D1 conducts and voltage across the D1 is negligible. 

So that, 

 

VEC=(Nt/N)Vm = K.Vm                                        (5)                 

 

Where K = (Nt/N)  .Therefore output voltage (VEO),  

 

VEO = VEC + VCO  

                    = K (VAO – VBO) + 0.5 (VAO + VBO)             (6) 

 

And it can be clearly seen that,  

 

IA + IB = IO                                                        (7)                 

 

And considering the MMF relationship of the windings 

when D1 conducts we can derive that, 

 

IA (0.5N - Nt) = IB (0.5N + Nt)                          (8)               

 

Therefore, similarly in [3], it can be shown that, 

 

IA = (0.5 + K) IO                                                (9)        

IB = (0.5 - K) IO                                               (10)                                                      

  

When D2 conducts this relationship comes vice versa. 

Rectifier system finally shows a pulse multiplication 

characteristic because IA and IB modulated depending on 

the polarity of the Vm. In addition to that selecting the 

appropriate K value for the transformer we can eliminate 

the harmonics in the input line current. In [3], it is proved 

that when K = 0.2457 it eliminates the 5th, 7th, 11th, 13th, 

17th and 19th harmonics in input line current, so we use it 

for this converter too. 

 

B. Zero Sequence Blocking Transformer 

Zero sequence blocking Transformer (ZSBT) is used 

for blocking the zero-sequence component which has the 

same amplitude and the phase. ZSBT blocks this zero-

sequence component by showing high impedance for it 

and allowing to flow positive and negative sequence 

components [6]. When there are parallel connected 

rectifiers, an unwanted conduction sequence of the 

rectifier diodes can occur if they connected directly [3]. 

Therefore, ZSBT is used for connecting them and for 

ensuring the independent operation of 24 pulse rectifiers. 

In this converter, ZSBT has voltage frequency 12 times 

that of the supply system. 

 

C. Source Inductance 

The used source inductance value for the proposed 
system is derived based on Sri Lankan distribution system.  
The maximum voltage at 400V distribution network is 
440V and at that voltage the typical fault level is 20kA. 
Hence the source inductance can be obtained as below.    

Source inductance = (440V / √3×20×103A ×2π×50) 

     =0.404µH                                         (11)                                                                   

IV. MATLAB BASED SIMULATION 

Proposed 96-pulse rectifier is simulated using 

MATLAB/Simulink software. Three phase AC voltage 

source with 400V line-line voltage and 50Hz frequency is 

used as the supply of the proposed converter. Three phase 

linear transformers with 12 terminal blocks are used for 

model the multi winding transformer. Volt-ampere ratings 

of all the transformers are calculated using following 

equation given in [4]. 

 

                     (12) 

      Where Vwinding is the voltage across each winding and 

the Iwinding is the current flow through the winding at full 

load conditions. 

Following parameters are used as the transformer 

parameters in transformer blocks to evaluate its 

performance in real conditions. 

 

 Primary winding resistance = 0.001 p.u. 

 Secondary winding resistance = 0.001 p.u. 

 Primary winding reactance = 0.00005 p.u. 

 Secondary winding reactance = 0.00005 p.u. 

 Magnetizing resistance = 350 p.u. 

 Magnetizing reactance = 20 p.u. 

 

Multi winding transformer block is used to model the 

ZSBT and the Interphase Transformer. 

 

V.RESULTS AND DISCUSSION 

The power quality indices obtained for the proposed 

96-pulse AC-DC converter from MATLAB simulations is 

indicated in TABLE II. From tabulated values in TABLE 

I, it can be stated that, the proposed converter system 

obeys IEEE-519 requirements for varying loads.  



TABLE  II  

POWER QUALITY INDICES FOR VARYING LOADS FOR 96-
PULSE AC-DC CONVERTER 

Load 

(%) 

THD 

Vac (%) 

THD 

Iac (%) 
DPF 

Ripple 

Factor 

(%) 

Output 

DC 

Voltage 

(V) 

Load 

current 

(A) 

10% 0.0426 1.372 0.8958 0.1575 751.2 2.48 

20% 0.0690 1.461 0.9641 0.1248 750.9 4.97 

30% 0.0960 1.455 0.9865 0.0927 750.7 7.311 

40% 0.1133 1.440 0.9889 0.0612 750.5 9.664 

50% 0.1390 1.426 0.9920 0.0346 750.2 11.98 

60% 0.1563 1.414 0.9971 0.0215 750.0 14.25 

70% 0.1717 1.406 0.9971 0.0313 749.8 16.49 

80% 0.1867 1.403 0.9972 0.0613 749.5 18.69 

90% 0.1970 1.404 0.9973 0.0911 749.3 20.86 

100% 0.2048 1.408 0.9973 0.1205 749.1 23 

  

 According to the obtained data, the input voltage THD 
value for all the load conditions are below 0.3%. So that 
input voltage waveforms are almost sinusoidal, free of any 
disturbance induced by the action of the converter. It also 
can be observed from the Fig.6. 

 

 
Fig. 6 Input AC Voltage waveform 

 

 Besides that, for varying load conditions, input current 
THD is less than 2%. This means the input AC current 
waveform is almost sinusoidal. That can be verified from 
the Fig.7 shown below.  

 
 

Fig. 7 Input AC Current Waveform 

 

 

Even though for ideal conditions, input current THD is 

reduced consistently, it varies in the proposed 96-pulse 

converter with used parameters. The Displacement factor 

(DPF) is improving with the load and is greater than the 

previously obtained DPF of 6,12 and 24 pulse converters. 

 

 
Fig. 8 Output DC Voltage Waveform 

 

Multi winding transformer developed 24 voltage 

waveforms with different phases. After rectifying those 

waveforms, two output voltage waveforms with a 7.50 

phase shift can be created by connecting suitable four 

rectifier bridges in series. Those output voltage 

waveforms are supplied to the interphase transformer and 

pulse doubling is occurring. Output voltage of the 96-

pulse converter is almost smooth, and ripples are reduced 

considerably. This can be indicated by measuring ripple 

factor.  

 

Ripple Factor = ((VRMS / VDC )2-1)1/2              (13) 

 

 
Fig. 9 Multi winding transformer output voltage waveforms  

 

Ripple factor of the proposed converter is about 0.1205% 

in full load condition. Even in light load conditions 

converter maintains a low ripple factor around 0.1575%. 

This value is less than the ripple factor for 6,12 and 24 

pulse converters discussed previously.  

VI.CONCLUSION 

This paper proposes a multi-winding transformer 
assisted 96-pulse diode converters for improved utility 
interphase, reflecting the input voltage THD, input current 
THD, Displacement factor (DPF) and ripple factor for 
varying load conditions. So, with the emphasized power 
quality aspect values, it can be clearly state that this 
proposed system is an effective approach for improved 
utility interface. Hence, use of these kinds of units will 
affect positively on modern distribution network. 
Furthermore, this proposed system does not require any 
filters. Therefore, losses associated with them will not 
present with this proposed system. Even though this 
converter system consumes a greater number of diodes, 



with the present state of the technology, count of power 
electronic devices is no longer restricted. Thus, these 
characteristics verify that the proposed converter system is 
an effective approach.  

According to the IEEE-519, for electric power systems 
input current THD should be less than 5%, input voltage 
THD should be less than 8% and for individual voltage 
harmonic should be less than 5%. So, comparing with the 
results acquired it can be stated that proposed 96 pulses 
AC-DC converter adheres the IEEE-519 standard.  
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