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Abstract—Due to its simplicity, efficiency, and dependability, 

the multipulse rectifier is widely used in electrical systems. In 

the presented work, an optimum design of an 18-pulse rectifier 

is achieved by comparing the most used configurations on the 

market. The 18-phase shifting autotransformer (18-PSAT) 

rectifier is a cheaper alternative to conventional rectifiers to 

reduce system harmonics. After a thorough study of the market 

needs and available use, this paper discusses four different 

structures that provide harmonic levels according to IEEE 519 

limitations. An innovative 18-PSAT is shown, studied, 

simulated, produced, and tested with low power loss rates. The 

Delta differential configuration primarily emphasises lowering 

the loss power rating for improved power quality. With its 

simple structure, easy assembly, and direct connection to diodes, 

the proposed Delta differential configuration provides higher 

power quality and can cancel harmonics. To determine which 

18-PSAT rectifier unit has the best weight, size, and power 

quality, a comparison of the selected topologies is made. A 

comprehensive comparison of each topology has simulation 

results showing current, voltage, and total harmonic distortion 

(THD) using MATLAB Simulink. The simulation results show 

that the total harmonic distortion is under 2.9 % when adopting 

the suggested Delta differential configuration topology. 

Compared to other designs, the suggested 18-pulse layout 

reduces overall cost and footprint by a large margin. It is also 

demonstrated that the DC load power is about 85 % of the 

recommended rectifier rating.  

 
Index Terms—Total harmonic distortion (THD); Topology; 

Multiwinding transformers; 18-pulse rectifiers; 18-phase 

shifting autotransformer (PSAT); Phase shifting transformer.  

I. INTRODUCTION 

In the last 20 years, several multi-pulse rectifier structures 

have been developed to improve power quality in various 

industrial implementations, including smart grid systems, 

aircraft systems, movement and propulsion systems, 

electrical aviation systems, and high-voltage DC transmission 

lines [1]. The 18-phase shifting autotransformer (18-PSAT) 

rectifiers have low harmonic distortion, lower harmonic 

content, high efficiency, easy to assemble, resilience, and 

good power factor correction [2]. At the same time, 18-PSAT 

designs must meet or exceed the standards requirement [3]. 

One of the primary ways to improve the parameters of power 

quality is to increase the number of output pulses in PSATs, 

which will increase the cost due to components, design 

complexity, and increased weight and size [4]. The high total 

harmonic distortion (THD) of 18-PSAT rectifiers cannot 

meet the IEC standard requirements [5], [6]. Various research 

suggests the use of phase shifting transformers with unique 

designs, auxiliary circuits, and active or passive filters on one 

or both sides of rectifiers to solve THD problems [7], [8]. The 

18-PSAT is connected to the converter through a 6-pulse 

bridge rectifier [9], [10]. In [11], the authors propose a 20-

PSAT rectifier that reduces THD by less than 8 %. In [12], a 

low-rating autotransformer is proposed that reduces the 

complexity of the design and the total cost. Secondary 

winding is associated with an active rectifier, which has a 

potential increase in complexity, losses, and overall 

manufacturing costs [13], [14]. Magnetic component ratings 

may be decreased when using designs based on 

autotransformers, as the magnetic components used are a 

fraction of the power rate [15]. The 18-PSAT cancels the 5th, 

7th, 11th, 13th, 23rd, 25th, 29th, and 31st harmonics, but it cannot 

cancel the 17th, 19th, 35th, and 37th harmonics and thus cannot 

cover the IEEE 519 requirement [16]. 

II. PROPOSAL CONFIGURATIONS OF 18-PSAT 

The purpose of the current work is to find simplicity, 

efficiency, and dependability from the most widely used 18-

PSAT configurations and topologies on the market to achieve 

the desired outcomes. The 18-PSAT functioning calls for 

three groups of three-phase alternating current sources, one in 

phase with the primary voltage and the other displaced by 

determined angles [17]. An autotransformer system was 

developed to meet the need for a compact, lightweight, and 

inexpensive alternative [18]. This article compares 

autotransformer topologies that do not need additional parts, 

such as zero sequence blocking transformers (ZSBT) or 

interphase transformers (IPT), to maximise space and weight 

savings while maintaining efficiency [19]. The four 

topologies of 18-PSAT are described. 

A. Symmetric 18-PSAT Fork Differential 

The fork configuration reduces the input voltage by 88 %, 

divides it into three identical sets (each set is three phase), and 

between each set 40 degrees. As a result, the DC voltage at 

output equals only 0.41 of line voltage, which is only 4.2 % 

https://doi.org/10.5755/j02.eie.35126 

 

Manuscript received 9 July, 2023; accepted 25 October, 2023.  

12

mailto:fkacar@iuc.edu.tr


ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 29, NO. 6, 2023 

 

more than a standard design. Figure 1(a) shows the 

connection diagram of the input terminal (power supply) and 

the output side (diode bridge). Figure 1(b) shows the 

conduction sequence. 

 
Fig. 1.  Symmetric fork: (a) Connection diagram; (b) Conducting sequence.

Assume, in symmetric 18-PSAT fork differential, Uin(LL) 

refers to the input line voltage, Uin(LN) is the input phase 

voltage, Uout(LL) refers to the output line voltage, Uout(LN) is the 

output phase voltage, K1 is the winding ratio, UK1 is the 

voltage on the K1 winding, and UK2 voltage on the K2 

winding. UK1 is calculated as in (1) [19] 

 
 

 
1

1
0.65 .

sin 40 sin80

in LNK

K in LN

UU
U U  

 
 (1) 

The UK2 and UK3 are determined by (2) and (3): 

 
   2

0.88 ,K out LN in LN
U U U   (2) 

 
 3

0.12 .K in LN
U U  (3) 

The Udc is the DC output voltage and could be calculated 

by (4) and (5) [20]: 

 
 

0.98 ,dc out LL
U U  (4) 

 
   

0.98 1.73 0.88 1.69 .dc in LN in LN
U U U     (5) 

Assuming K1 = 0.35, K2 = 0.48, K3 = 0.15, Ik1 = 0.26Idc, Ik2 

= 0.23Idc, and Ik3 = 0.18Idc, and using Kirchhoff’s current law 

(the total number of ampere turns at nodes A, B, and C equals 

zero), it allows writing the expressions of the Iin input current 

using (6) and (7) [18]: 

 
1 2 3

0.26 0.23 0.18 ,in K K K dc dc dcI I I I I I I       (6) 

 0.67 .in dcI I  (7) 

The MATLAB simulation of the symmetric 18-PSAT fork 

differential is shown in Fig. 2 using assumed parameters.

 
Fig. 2.  MATLAB simulation of symmetric fork differential.

The power capacity of an autotransformer can be 

determined by (8)–(13): 

 
1 1 2 2 3 31 1 36 3 3 ,T K K K K K KC K U I K U I K U I    (8) 

 
1 116 6 0.35 0.65 0.26 ,K K dc dcK U I U I     (9) 

 
2 213 3 0.45 0.88 0.23 ,K K dc dcK U I U I     (10) 

 
3 333 3 0.15 0.12 0.18 ,K K dc dcK U I U I     (11) 

 0.35 0.27 0.009 ,T dc dc dc dc dc dcC U I U I U I    (12) 

 Total power capacity 0.63 .dc dcU I  (13) 

The total power capacity of the symmetric 18-PSAT fork 

differential autotransformer equals to 63 % of the load power. 
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B. Symmetric 18-PSAT T-Delta Differential 

The T-Delta differential configuration divides the input 

voltage into three identical sets (each set is three phase), and 

between each set 40 degrees. Figure 3(a) shows the 

connection diagram of the input terminal (power supply) and 

the output side (diode bridge). By sharing current with the 

other two diodes at a rate of 20 % each, each diode can carry 

40 % of the total current. The conducting sequence of the 

diode current in the symmetric 18-PSAT T-Delta differential 

is shown in Fig. 3(b).  

In the symmetric 18-PSAT T-Delta differential, the Uout(LN) 

is calculated as in (14) [20] 

 
     

sin160
1.97 .

sin10
out LN in LN in LN

U U U


 


 (14) 

The Udc is the DC output voltage and could be calculated 

by (15) and (16) [18]: 

 
 

0.995 ,dc out LL
U U  (15) 

 
   

1.73 0.995 1.97 3.39 .dc in LN in LN
U U U     (16) 

Assuming K1 = 0.35 and K2 = 0.48, Iin input current 

calculated by (17) [20] 

 

2 2

1 2

1 2

1 1
2

2
.

1 1 3
in dc

K K
I I

K K

   
   

   
   (17) 

Similarly, the power capacity of an autotransformer can be 

determined by adding the volt-amp ratings of all the windings 

and then dividing that total by two. After that, inserting in 

(16) and (17) obtain (18) 

 
2 2

1 2 1 21 2

1 2

2 2 23
0.73 .

0.78 2
T dc dc dc dc

K K K KK K
C U I U I

K K

   
  
 
 

 (18) 

Figure 4 shows the MATLAB simulation of the second 

proposal symmetric 18-PSAT differential T-Delta.

 
Fig. 3.  Symmetric T-Delta: a) Connection Diagram; b) Conducting sequence.

  
Fig. 4.  MATLAB simulation of the symmetric T-Delta differential.

Using the same parameters, the total power capacity of the 

symmetric 18-PSAT T-Delta differential autotransformer 

equals 73 % of the load power. 

Symmetric 18-PSAT Delta Differential 

The Delta differential configuration divides the input 

voltage into three identical sets (each set is three phase), and 
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between each set 40 degrees. Fig. 5(a) shows the connection 

diagram of the input terminal (power supply) and the output 

side (diode bridge). By sharing current with the other two 

diodes at a rate of 20 % each, each diode can carry 40 % of 

the total current. The conducting sequence of the diode 

current in the symmetric 18-PSAT Delta differential is shown 

in Fig. 5(b). 

In the symmetric 18-PSAT Delta differential, the Uout(LN) is 

calculated as in (19) [19] 

 
     

sin 40
1.66 .

sin120 sin 70
out LN in LN in LN

U U U


 
 

 (19) 

The Udc is the DC output voltage and could be calculated 

by (20) and (21) [20]: 

 
 

1.6 ,dc out LL
U U  (20) 

 
   

1.73 1.6 1.66 4.59 .dc in LN in LN
U U U     (21) 

Assuming K1 = 0.35 and K2 = 0.48, the Iin input current is 

calculated by (22) [20] 

  
2 2 2

1 2 1 2

2
2 6 6 0.88 .

3
in dc dcI I K K K K I      (22) 

A regular 6-pulse converter has a Udc that is 18 % lower 

than the standard design. Using the same method, it should be 

possible to locate the remaining branch currents. Similarly, 

the power capacity of an autotransformer may be determined 

by (23) and (24): 

 
1 1 2 2 3 31 1 36 6 3 ,T K K K K K KC K U I K U I K U I    (23) 

 Total power capacity 0.85 .dc dcU I  (24) 

Figure 6 shows the MATLAB simulation of the symmetric 

18-PSAT Delta differential. 

 
Fig. 5.  (a) Connection diagram; (b) Conducting sequence of the diode current.

  
Fig. 6.  MATLAB simulation of the symmetric Delta differential.

Using same parameters, the total power capacity of the 

symmetric 18-PSAT T-Delta differential autotransformer 

equals 85 % of the load power.  

C. Asymmetric 18-PSAT Delta Differential 

In the symmetric fork, T-Delta, and Delta the total power 

flows through each bridge. But in the asymmetric Delta 

method, can be adjusted, so 2/3 of the total power flows 

through each bridge and the rest 1/3 flows through the 

primary of the autotransformer, leading to lower power losses 

and higher power capacity. The asymmetric Delta reduces the 

input voltage by 77 % and divides it into three identical sets 

(each set is three phase), and between each set 37 degrees. As 

a result, the DC voltage at output equals only 0.75 of line 

voltage, which is only 20 % more than in a standard design. 

Figure 7(a) shows the connection diagram of the input 

terminal (power supply) and the output side (diode bridge). 

Figure 7(b) depicts the conducting sequence of the diode 

current of the design.  

In asymmetric 18-PSAT Delta differential, the Uout(LN) is 

calculated as in (25) [20] 
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sin120
1.81 .

2 sin 20 sin80
out LN in LN in LN

U U U


 
 

 (25) 

The Udc is the DC output voltage and could be calculated 

by (26) and (27) [20]: 

 
 

1.45 ,dc out LL
U U  (26) 

 
   

1.73 1.45 1.81 4.54 .dc in LN in LN
U U U     (27) 

Assuming K1 = 0.35 and K2 = 0.48, the Iin input current is 

calculated by (28) [20] 

  
2 2 2

1 2 1 2

1
2 6 6 0.62 .

3
in dc dcI I K K K K I      (28) 

Similarly, the power capacity of an autotransformer may 

be determined by (29) and (30): 

 
1 1 2 2 3 31 1 36 6 3 ,T K K K K K KC K U I K U I K U I    (29) 

 Total power capacity 0.80 .dc dcU I  (30) 

Figure 8 shows the MATLAB simulation of the 

asymmetric 18-PSAT Delta differential. 

 
Fig. 7.  (a) Connection diagram; b) Conducting sequence of the diode current.

 
Fig. 8.  MATLAB simulation of the asymmetric Delta differential.

Using the same parameters, the total power capacity of the 

symmetric 18-PSAT T-Delta differential autotransformer 

equals 80 % of the load power.  

III. RESULTS 

The simulation results of the four topologies of 18-PSAT 

are discussed. Each topology was modelled using the 

MATLAB Simulink environment. The ideal current density 

adjusting equals (J0 = 270A/cm2), the transformer windings 

turn were determined as K1 = 0.35, K2 = 0.48, K3 = 0.15, 

Uin(LL) = 380 V, R = 100 ꭥ and the V/turn ratio equals one. 

The duration of commutation for currents flowing through 

diodes is negligible in the virtual world. The input line current 

shows an 18-pulse rectification cycle during a single cycle. 

Noise and a longer commutation time both have a negative 

impact on the load characteristics. Using the input line current 

of the simulation, the THD of each proposed topology was 

calculated. Table I presents the findings of these odd 

harmonic measurements for each topology with the 

limitations of the comparison harmonics of IEEE 519. 

TABLE I. LINE CURRENT HARMONICS FOR PROPOSED DESIGNS. 

Harmonic 

No. 

IEEE 

Limits 

Symm

etric 

Fork 

Symmetr

ic T-

Delta 

Symm

etric 

Delta 

Asymmet

ric Delta 

3 2 0 0 0 0 

5 2 0.1 0.1 0.1 0.1 

7 2 0.3 0.2 0.1 0.1 

9 1.1 0 0.2 0 0 

11 3 0.2 0 0.1 0.1 

13 3 0.3 0.1 0.1 0.1 

15 3 0 0.1 0 0.2 

17 4 1.4 1.3 1.2 1.3 

19 4 1.6 1.6 1.3 1.3 

THD - 3.9 3.6 2.9 3.2 

 

Simulation results, including transformer current output 

and rectifier current output, for the symmetric 18-PSAT fork 

differential, the symmetric 18-PSAT T-Delta differential, the 

symmetric 18-PSAT Delta differential, and the asymmetric 

18-PSAT Delta differential are shown in Figs. 9–12, 
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respectively. 

 
Fig. 9.  MATLAB simulation results of symmetric fork differential. 

 
Fig. 10.  MATLAB simulation results of the symmetric T-Delta differential. 

 
Fig. 11.  MATLAB simulation results of symmetric Delta differential. 

 
Fig. 12.  MATLAB simulation results of asymmetric Delta differential. 

IV. DISCUSSION 

The simulation results of the symmetric 18-PSAT fork 

differential have smooth steps in the input line current. 

Ripples in the load characteristics are less than in the standard 

design, where the THD is equal to 3.9 %, which is well within 

the allowable range as defined by the IEEE guidelines for this 

setup. The simulation results of the symmetric 18-PSAT T-

Delta differential have more smooth steps in the input line 

current than the fork differential. Ripples in the load 

characteristics are less than the fork differential, where the 

THD equals 3.6 %. The simulation results of the symmetric 

18-PSAT Delta differential have more smooth steps in the 

input line current than the T-Delta differential. Ripples in the 

load characteristics are less than the T-Delta differential, 

where the THD equals 2.9 %. The simulation results of the 

asymmetric 18-PSAT Delta differential have more smooth 

steps in the input line current than the T-Delta differential but 

fewer smooth steps than the symmetric Delta differential. 

Ripples in the load characteristics are less than the T-Delta 

differential, but more than the symmetric Delta differential. 

The THD equals 3.2 %. As a result, from simulation and 

mathematical discussion, the symmetric 18-PSAT Delta 

differential is simplicity, efficiency, and dependability 

between the configurations. According to design parameters 

found in the study, a symmetric 18-PSAT Delta differential 

was manufactured, and experimental results of transformer 

current output and rectifier current output are shown in Fig. 

13. 

 
Fig. 13.  Experimental results of the symmetric Delta differential design. 

V. CONCLUSIONS 

Implementing an autotransformer without additional 

components, such as an IPT or ZSBT, makes the system 

simpler and more efficient. Harmonic cancelation using an 

autotransformer is a method to eliminate the no characteristic 

low-order current harmonics. The symmetric 18-PSAT Delta 

differential proposal scheme is the most acceptable for use in 

systems because it has the miniature weight, size, and total 

harmonic distortion values. Although all schemes give 

harmonic levels within the IEEE 519 limitations. The 

proposed 18-PSAT advantages are that it does not need active 

switching devices since it is entirely passive. The suggested 

design of the symmetric 18-PSAT Delta differential satisfies 

industrial applications without needing an additional filter 

due to its low kVA rating and THD below IEEE 519 

restrictions. The experimental results of the symmetric Delta 

differential design confirm and support the simulation results. 

The present study emphasises the dependability of circuits, 

the actual analysis of design, and the effects of open/short 

circuit defects on the effectiveness of PSAT. 

VI. FUTURE WORK 

This study is part of the doctoral thesis under “Medium 

Voltage Motor Drive Cascade Connected Multi-Level Type”. 

The Symmetric Delta differential design will be studied and 

analysed after connecting it with the multi-level cascade 

motor drive under no load and load status. 
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