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 A combination of harmonic voltage and current injection in 36-pulse   rectifier 
presented here modifies the 12 pulse rectifier into either a 24 pulse or 36 pulses 
combined harmonic voltage and current injection. The line current thereby resulted is 
characterized by a sinusoidal line current with a THD of 2.36% for 24 pulse operations 
and 1.51% for combined harmonic voltage and current injection operation. The turns 
ratio of the injection transformers was measured to be Nc =6.08 and Nv=10.7 
respectively. The VA ratings of the current and voltage injection transformers have 
been calculated to be 0.84% and 1.2% of the power throughput respectively. The 
circuit operation and modulation strategy are explained, and simulation results are 
presented. 
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INTRODUCTION 

 
 Ripple injection techniques have been shown to 
provide a simple and robust way of enhancing the 
input current characteristics of a 12-pulse rectifier, 
typically producing input waveforms that are 
comparable with those of an 18- or 24-pulse system 
(Rendusara, D., 1999; Oguchi, K. and T. Yamada, 
1997), but without the weight and cost penalties of 
the complex phase-shifting devices and the 
additional diode bridges that would normally be 
required to achieve this performance. 
 In essence, ripple injection techniques modify 
the AC-side waveforms of a standard 12-pulse 
rectifier with the objective of eliminating particular 
harmonics from the AC line currents. These 
techniques are of particular interest in aircraft 
applications where the more electric revolution is 
resulting in electrical systems that are dominated by 
rectifier-fed power electronic loads (Trainer, D.R. 
and C.R. Whitley, 2002) and to ensure high power 
quality, airframe manufacturers are placing 
increasingly stringent limitations on the harmonic 
currents that may be drawn (Matheson, E. and K. 
Karimi, 2002). Ripple injection techniques that rely 
solely on passive components are likely to be of 
especial interest to the aerospace industry due to 
their inherent robustness and low cost when 
compared with more complex active injection 
schemes. 

 This paper begins by reviewing the operation of 
a 24-pulse rectifier (Chivite-Zabalza, F.J., 2005), 
Fig. 1, that employs a passive voltage injection 
technique to achieve improved input current 
waveforms. Although it does not provide galvanic 
isolation, the circuit is particular interest since the 
phase-shifting device is a standard delta-star 
transformer that carries only 50% of the power 
throughput, and furthermore the unusual series 
connection of the two bridge rectifiers on both the 
AC and dc sides produces several important features: 
an inherent balancing of the phases without the use 
of inter-phase reactors, and a natural interaction of 
the DC-side ripple currents, which is used to drive 
the injection circuit. This rectifier topology is 
considered to have important advantages over 
alternative multi-pulse techniques for aircraft 
applications, for example auto-transformer-based 
circuits (Rendusara, D., 1999; Paice, D.A., 1995) 
require complex and costly phase shifting devices, 
additional diode bridges and frequently suffer from 
imbalance problems between the phases This 
topology is insensitive to source impedance 
imbalance between the 6-pulse bridges as the current 
sharing is imposed by the series connection of the 
transformer primaries. On the other hand, line-side 
inter phase transformer techniques again require 
specialized magnetic components and additional 
diode bridges if 18 or 24-pulse performance is to be 
achieved. 
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 The paper goes on to show how the performance 
of the circuit in Fig. 1 may be enhanced to provide 
input current waveforms that are characteristic of a 
36-pulse system through the addition of a second 
injection circuit; the injection circuit itself was first 
published in and The injection technique is similar to 
that in (Chivite-Zabalza, F.J., 2005) in that it is 
passive, consisting of a sixth-harmonic frequency 
transformer and four diodes , however its operation 
is different in that a current is injected into the 
common node between the series connected outputs 
of the two rectifier bridges. The injected current 
interacts with the ripple currents resulting in 
complementary three-level voltage waveforms at the 
rectifier outputs and as a consequence, 24-pulse 
input line currents. The detailed operation of the 36-
pulse rectifier and the optimum design of the two 
injection circuits are discussed followed by 
experimental validation of the overall system for a 

typical aerospace application. Although the 50% 
rated delta-star transformer  the size has been chosen 
in this paper for the size and weight reasons, the 
proposed injection techniques are compatible with a 
fully isolated version of the circuit. 
 
II. Converter Operation: 
A. Operation of the 24-Pulse Converter With 
Harmonic Voltage Injection: 
 The converter, Fig. 1, is a current-fed topology, 
having line Inductors in series with the AC supply 
and a dc-link filter capacitor connected directly to 
the outputs of the two bridge rectifiers. The rectifiers 
are effectively connected in series on the AC side 
through the use of a standard delta-star, phase 
transformer to supply the upper bridge; the bridges 
are therefore fed with identical amplitude AC 
currents, except that the waveforms for the upper 
bridge are phase shifted by 30 . 

 

 
 
Fig. 1: The 24 pulse converter using voltage injection. 
 
 The dc outputs of the two rectifiers are also 
connected in series across a common dc filter 
capacitor, and the instantaneous difference between 
the dc output currents of the two bridges flows into 
the injection circuit, which is highlighted in the 
diagram. Since only one of the rectifier bridges is fed 
through the transformer, the transformer is only rated 
for approximately 50% of the converter power 
throughput, an important feature in weight-
critical.Applications such as aerospace. Furthermore, 
the leakage inductance of the transformer provides 
some or possibly all of the required AC line 
inductance. However, there is no galvanic isolation 
between the AC input and dc output and no 
mechanism for changing the relative voltage levels 
of the input and output. 
 The operation of the injection circuit is 
described with reference to the idealized waveforms 
in Fig. 2, which show the output currents of the two 
bridge rectifiers I1 and I2, the difference between I2 
and I1  denoted Ii, the voltage Viv across V01the 
injection winding of the transformer in the injection 
circuit, and the voltage across the output of the lower 
bridge rectifier. Assuming that the input line currents 
are sinusoidal, the two bridge rectifier output 
currents have identical average values, but the 
characteristic 6-pulse current ripples are out of phase 
due to the phase-shifting transformer. The difference 

between the two currents is a purely AC waveform 
of approximately triangular shape and at six times 
the supply frequency. This difference current flows 
through the primary or injection winding of the 
injection transformer and then divides between the 
split dc-link capacitors. By Ampere’s law, (I2-I1)/NV 

a current of , where 1: NV is the turns-ratio of the 
voltage injection transformer, flows in the secondary 
or sense winding of the transformer, and depending 
on the polarity of the current, a voltage of VO/NV is 
reflected back to the injection winding. This voltage 
then combines VO/2 with the two voltage across each 
of the dc-link capacitors to form the voltages across 
the bridge rectifier outputs. The voltageVO1 is shown 
in Fig. 2, voltage VO2 will have a complementary 
waveform since the two voltages sum to the constant 
dc output voltage level. 
 The square wave voltages of VO/NV that are 
injected into the outputs of the two bridge rectifiers 
at six times the supply frequency result in additional 
voltage steps being introduced into the 12-pulse 
voltage waveforms that would normally be produced 
on the right-hand side of the line inductors, points A, 
B and C in Fig. 1. Through appropriate choice of the 
turns-ratio NV, the AC -side voltages take on the 
form of 24-pulse waveforms, having harmonics of 
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order 24 k  1. The optimum value of NV was shown 
in [9] to be 4.07. 
 Fig. 3 shows experimental results from a 15-
kW, 400-Hz prototype operating from an electronic 
supply with a phase voltage of 115-V RMS. The line 
inductors were formed solely by the leakage 
inductance of the transformer, the value being 111 H 
per line, giving a per unit reactance of 0.10 up. The 
line currents were well balanced;the current total 
harmonic distortion (THD) was measured to be 

2.57% and the power factor was 0.991. The 
converter output voltage was 227 V. The RMS 
current carried by the sensing winding of the 
injection transformer was 5.36 A, and the squared 
voltage across the injection winding had a maximum 
value of 54 V, resulting in a VA rating of 2.2% of 
the converter power throughput. The transformer had 
a turns-ratio of NV=4.2, operated at 2.4 kHz and was 
wound on an EPCOS N87 ETD 59 ferrite core. 
 

 
  
Fig. 2: Idealized waveforms for the voltage injection circuit. 
 

 
 
Fig. 3: 24-pulse converter using harmonic voltage injection. Input line currents and output voltage. 115-V line 

to neutral supply, 400 Hz, 15-kW output. CH1 to CH3: Input line currents.CH4: output voltage. 
Currents scale: 20 A/div; voltage scale :100 V/div; time scale: 400 _s/div. 

 
B. 36-Pulse Converter Using Combined Voltage 
and Current Injection: 
 To achieve 36-pulse performance from the 
converter in Fig 1,the voltage injection circuit is 
augmented by a current injection circuit as shown in 
Fig. 4. Similar to the voltage injection circuit, the 
current injection circuit also consists of a small 
transformer and a set of four diodes, however in this 
case, the diodes and one of the transformer windings 
are connected  to the two bridge rectifiers in the 
output current path of the converter. The effect of the 
current injection circuit is to impose a limit on the 
injection current Ii that may flow common point of 

the two rectifier bridges and the mid -point of the 
split dc-link capacitor.  
 Due to the positioning of the windings of the 
current injection transformer, the maximum value of 
the current Ii cannot be greater than the larger of 
I1/NC or I2/NC , where 1: NC is the turns-ratio of the 
current injection transformer. The result is to 
introduce two additional levels into the voltage 
waveforms at the output of the bridge rectifiers.  
 The explanation assumes that initially the 
current I2 is much greater than I1 , and the circuit is 
in configuration 1. Since is much greater than I1 , 
diodes D1C and D2C will be in conduction with 
current I2 flowing through the sense winding of the 
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current injection transformer. By Ampere’s law, the 
injection current Ii will be equal toI2/NC and since 
the current (I2-I1/NC)is assumed to be much greater 

than I1, a current Iby-pass=I2-I2/NC-I1 must flow in the 
diode in Fig. 5, where 
Iby-pass = I2I2/NCI1                 (1) 

 

 
 
Fig. 4: the 36 pulse voltage converter with combined voltage and injection. 
 
Configuration 1: 

 
 
Configuration 2: 

 
Configuration 3: 

 
Configuration 4: 
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Fig. 5: Equivalent circuit for the cyclic operation of the converter circuit. 
 
 Diode D1 represents the formation of a by-pass 
path through the lower bridge rectifier, achieved by 
the conduction of both diodes within a leg. While D1 
is in conduction the output voltage of the lower 
bridge rectifier V01 , will be clamped to zero. Since 
the injection current is flowing to the left in 
configuration1, the voltage Viv is given by 
V iv = -V0/NV                                                          (2) 
 Therefore, a voltage of Vic = (V0/ 2-V0/Nv) 
will be impressed across the injection winding of the 
current injection transformer and the resultant 
voltage across the output of the upper bridge rectifier  
V02 is 
V02 = V0/2[2NC+2/NV-1/NC]  = V0         (3) 
 Configuration 1 will come to an end when the 
by-pass current, (1) falls to zero, that is I2-I1 = I2/NC. 
The angular duration of configuration 1 is, by 
definition, denoted to be 2  and is determined in the 
design by the choice of Nc. 
 The circuit then enters configuration 2. In the 
configuration (2) the difference between the current 
sources I1 and I2 is comparatively small and is 
provided entirely by the injection circuit current Ii. 
Therefore, the current in the injection windings is Ii 
= (I2-I1). By Ampere’s law, a current of ISC = (I2-
I1)/NC flows in the sense winding of the current 
injection circuit, and to accommodate this current, 
diodes D1C to D2C are all in conduction, clamping 
the voltages across the current-injection. 
Transformer to virtually zero. As in the previous 
configuration, the voltage Viv equals (2) and the 
resulting voltages at the outputs of the main rectifiers 
are 
V01 = V0/2[1-2/NV] 
V02 = V02/2[1+2/NV]                                    (4) 
 When the current I1 becomes greater than the 
current I2 , the circuit enters configuration 3. 
Configuration 3 is identical to configuration 2, with 
the difference that the injection current flows in the 
opposite direction. Consequently, the diodes D3V and 
D4V are in conduction, VIV= +VO/NV , and the 
voltagesV01 and V02 become 
V01 = V0/2[1-2/NV] 
V02 = V02/2[1+2/NV]                                              (5) 
 Configuration 3 will come to an end when the 
current injection can no longer provided by the 
current injection circuit. This happens when ID3C = 
I2,IDC4 = I1 , the sense winding current, and the 

injection current is Ii = -I1/NC and is equal to the 
current difference I2-I1 . Any further increase in the 
magnitude of the sense winding current is impossible 
and, therefore, as the magnitude of the current 
difference continues to increase, the upper bypass 
diode D2 will be brought into conduction. The circuit 
then enters configuration 4, which is a mirror image 
of configuration 1. The voltage V02 is clamped to 
zero and  V01 equals  
V01 = V0/2[2NC+2/NV-1/NC]                       (6) 
 This completes a half-cycle of the injection 
circuit operation. The output voltage V01 of the lower 
bridge rectifier is seen in Fig. 6 to be a multi-stepped 
waveform at six-times the supply frequency, taking 
the values of zero or approximately V0 when the 
current difference (I1-I2) is large and values 
of(V0/2=(VO/NV)when the current difference is 
small. Due to the symmetry of the waveforms, the 
durations of configurations 1 and four will be equal 
to each other and are defined to have angular values 
of 2. Similarly, the durations of configurations 2, 3, 
5, and six will also be equal to each other. An 
expression for is derived here by considering the 
transition point at the end of configuration 1, which 
occurs when the by-pass current (1) is zero. From 
Fig. 6, the currents I2 and I1 are expressed in (7) and 
(8). For convenience, the t= 0 origin in this 
calculation has been chosen as one of the peaks of 
the I2 current sources 
I2 = IA cos( )  for           (7) 

Therefore 
I2 = IA cos(  )  for          (8)
  
 Subtuting (7),and (8) into (1), and putting Iby-pass 
= 0, and  
I2-I1 = I2/NC = IAcos( )-IA cos ( ) = IA 
cos( )/Nc                                                           (9) 
 This may be simplified to give 
2sin( )sin /Nc  for 0 <        (10) 

 In the diagrams of Fig. 6, the current to the 
negative terminal of the bottom rectifier is denoted 
IT1 , and the current to the positive terminal of the 
top rectifier is denoted IT2. Without the injection 
circuits, IT1 and IT2 are equal, having a 12-pulse 
ripple waveform, and the ripple component flows in 
the dc-link capacitors. However, with the injection 
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circuits connected,IT1 and IT2 are modified since 
they must also carry the injection current Ii. In 
configuration 1, the injection current Ii = I2/Nc, and 
the current IT2 equals I2 . 
IT1 = I2-I2/Nc                        (11) 
 In configurations 2, 3, 5, and 6, the current IT1 
equals I1 , and  IT2 equals I2. Configuration 4 is a 
mirror image of configuration1, and we have Ii = -
I1/Nc and IT1 = I2.Therefore  
IT2 = I1-I1/Nc                                     (12) 
 Since the injection current divides between the 
dc-link capacitors, the lowest frequency component 
the ripple current in the capacitors is now at six 
times the input supply frequency. 
 

C.Production Of The 36-Pulse Waveforms: 
 The main waveforms of the circuit are presented 
in Fig. 7. The first waveform is the voltage of the 
input terminal A1 of the bottom rectifier with respect 
to the mid-point of the dc filter capacitors G. When 
the input current IA1 is negative, the bottom diode of 
that leg conducts and VA1G is clamped to –V0/ 2. 
 When the current becomes positive, the top 
diode in that leg will conduct and the voltage VA1G 
will equal V01-V0/2.VB1G and VC1G are obtained by 
phase shifting VA1G by 120 and 240,respectively. 
Subsequently,VNG is obtained using (13) and VA1G 
by subtracting VNG from VA1G 

VNG = VA1G+VB1G+VC1G/3                       (13)

 
 
Fig. 6: Production of the 36-pulse waveform VAN. 
 
 The voltage at the input terminal A2 of the top 
rectifier with respect to G is obtained in a similar 
manner. When the input current to the terminal, IA2 
is positive, the top diode of that leg conducts and the 
VA2G voltage equals V0/ 2. When IA2 is negative, the 
bottom diode conducts and  VA2G equals VO/2-V02 
VC2G. Is the seventh waveform in Fig. 7 and is 
obtained by phase-shifting by 240. 
 The voltage VAA1 is derived using VAA1 = (VA2G-
VC2G)/  and VAN, the voltage is formed by the 
addition  of VA1N  and VAA1 .The voltage levels of 
the multilevel VAN  waveform follow directly from 
the waveforms in Fig. 6 and are listed in Table I. A 
similar set of waveforms may be drawn for the other 
supply phases, the only difference being the 120 and 
240 phase shift. 
 The line currents are determined by the voltages 
impressed across the input line inductors. For phase 
A, that voltage is the difference between the 
sinusoidal supply voltage VASN, and the voltage VAN. 
Therefore, a voltage VAN that has 24-pulse 
characteristics will produce a current IA that  also has 
24-pulse characteristics. However, the precise 

harmonic content of the line currents will be 
determined by the interaction of the VAN harmonics 
with the impedance of the line inductors. Therefore, 
the purity of the voltage VAN or its THD is used for 
a general analysis of the circuit. 
E.Fourier Analysis Of The Voltage Waveforms: 
 The harmonic Fourier analysis of the line-to-
neutral voltage VAN on the right- hand side of the 
line inductor is undertaken using the standard 
complex Fourier coefficient technique, the complex 
Fourier coefficients AnAN, of the waveform being 
calculated using the formula in (14). 
 (  

 Where n is the harmonic number. The final 
expression for the complex coefficients of the VAN 
waveform is 

for 
 (n ) 

 
 
 



172                                                       M. Kalai Selvi and Dr.S.Senthil kumar, 2015 
Australian Journal of Basic and Applied Sciences, 9(21) Special 2015, Pages: 166-174 

Table I: D.Voltage Levels For The Waveforms In Figure.  

 
 
Where: 

 

 

 
 The above expression for AnAN , (15) has odd 
symmetry. 
 
E.Overview Of The Proposed System: 

1. Archetecture Parameter Specifications: 
 The system is operated with a 4KVA prototype 
with separate line inductors as shown in fig 4. The 
simulation is executed in the Matlab 2012a version. 
The specifications of different parameters in the 
simulation circuit are described below in table III. 
Load for the given connection is assumed to be 
20ohm load. 
 

Parameters Specifications 
Star delta transformer ratio 45:77 

Input supply voltage 110 
Input frequency range 400Hz- 800Hz 

Source inductance per phase 480µH or 0.13 pu 
Dc link capacitor 470µF 

 
F. Simulation Result: 
 A 400-Hz, 115-V supply is provided to the load 
as shown. A naturally- sampled, harmonic voltage 
and current injection were  used, the modulating 
signal were a triangle waveform synchronized by 
means of a phase-locked loop with the sixth 
harmonic of the supply and the depth of modulation 
were set to unity. The carrier frequency was fixed at 

100 kHz, just over 20 times higher than the 
modulating waveform when the supply frequency is 
800 Hz. Once more, a very small current imbalance 
is present in the waveforms of Fig. 14, attributed to 
transformer asymmetry. In addition, a slight 
distortion is evident near the peaks of the currents; 
this was thought to be caused by the approximate 
triangular modulation that was used. 

 

 
 
Fig. 7: Response of the line current ir1, the load current I load, the bidirectional switch voltage VMG, and the    

output voltage Vo, to a 2.5–4 kW load step at 2.5 ms for the combined injection with a 115-V, 400-Hz 
supply. 

 
 The power analyzer measured the current THD 
to be 1.51% and the angle of the line current at 6.75 
with respect to the supply voltage. The power loss 
was 230 W, the efficiency 94.3%, and the power 
factor 0.993 
 Fig. 9 shows a comparison of the normalized 
line current harmonics in the three modes of 

operation: the original 12-pulse operation, 24-pulse 
injection, and high-frequency combined injection. 
The presence of very small third, fifth, and seventh 
harmonics was attributed to imperfect harmonic 
cancelation, principally caused by the small current 
drawn for the transformer excitation and core losses. 
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 The results confirm that the converter inherently 
draws balanced, high-power-factor input currents. 
There are some residual current harmonics in the 
measurements, which are due to the non-ideal 

characteristics of the converter elements, such as an 
imperfect three turns-ratio of the main transformer. 
 

 

 

 
 
Fig. 8: Line currents waveforms for the prototype 36-pulse rectifier: 115-V input at 400-Hz and 4-kW load. 5 
      A/div, 50 V/div, and 500µs/div. 
 

 
 
Fig. 9: Normalised input line current harmonics = 15-KW, 400-Hz,no external added inductance. 
 
Conclusion: 
 The addition of a low-current, combined 
harmonic voltage and current injection between the 
two diode bridges and the mid-point of the dc link in 
a current fed, series-configured, 12-pulse rectifier 
allows the line current harmonics to be significantly 
reduced. The use of a 50% rated transformer makes 
the techniques particularly attractive for future 
aircraft equipment; however, the techniques are 
suitable for a wider range of applications. Two 
operating modes are proposed for the bidirectional 
switch: in the first, the switch is operated with a 
fixed duty ratio of 50% synchronized with the 12-
pulse ripple resulting in input currents that are 
typical of a 24-pulse system. A line current THD of 
2.36% was measured in the 4 kW, 400 Hz prototype. 
In the second mode of operation, the injection circuit 
was operated with a switching frequency of 100 kHz 
and the pulse width was modulated by a triangular 
waveform which was synchronized with the 12-pulse 

ripple. The low-frequency line current harmonics 
were all reduced to below 0.5% of the fundamental 
and the measured THD was 1.06% in the 4-kW 400-
Hz prototype. However, the high-frequency 
switching resulted in increased losses in the 
transformer and devices, the increase being 
approximately 15%. 
 Future research in this area could consider the 
development of robust synchronization techniques 
for the active injector, allowing rapid supply 
frequency variations to be tracked, which would be 
particularly important in aircraft systems. Also, the 
application of the injection technique the active 
injector to other 36-pulse rectifiers could be 
examined. 
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