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Abstract – Power Transformers with more than one secondary winding are not uncommon in 

industrial applications. But new classes of applications where very large number of independent 

secondaries are used are becoming popular in controlled converters for medium and high voltage 

applications. Cascade H-bridge medium voltage drives and Pulse Step Modulation (PSM) based high 

voltage power supplies are such applications. Regulated high voltage power supplies (Fig. 1) with 35- 

100 kV, 5-10 MW output range with very fast dynamics (µS order) uses such transformers. Such power 

supplies are widely used in fusion research. Here series connection of isolated voltage sources with 

conventional switching semiconductor devices is achieved by large number of separate transformers or 

by single unit of multi-secondary transformer. Naturally, a transformer having numbers of secondary 

windings (~40) on single core is the preferred solution due to space and cost considerations.  

For design and simulation analysis of such a power supply, the model of a multi-secondary 

transformer poses special problem to any circuit analysis software as many simulation softwares 

provide transformer models with limited number (3-6) of secondary windings. Multi-Secondary 

transformer models with 3 different schemes are available. A comparison of test results from a 

practical Multi-secondary transformer with a simulation model using magnetic component is found to 

describe the behavior closer to observed test results. Earlier models assumed magnetising inductance in 

a linear loss less core model although in actual it is saturable core made-up of CRGO steel laminations. 

This article discusses a more detailed representation of flux coupled magnetic model with saturable 

core properties to simulate actual transformers very close to its observed parameters in test and actual 

usage. 

 

 

 

1. Introduction 

 

In places where numbers of isolated voltage sources are 

required, multi-secondary transformers provide compact 

technical solution for medium power applications. 

Electrical isolation levels can be achieved by configuring 

the windings in various dielectric mediums. For the reasons, 

multi-secondary transformers are widely used in medium 

voltage industrial drives [1] and modular high voltage 

power supplies [2]-[6]. 

To analyze the behavior of multi-secondary 

transformers an example of modular high voltage power 

supply is presented. Generalized scheme is shown in Fig. 1 

where a typical multi-secondary transformer with 40 

numbers of secondary windings is deployed, while its 

output is shown also in Fig. 2 [4]. 

As these power supplies are controlled by feedback & 

feed forward loop methods, circuit simulation study is 

natural recourse to predict its behavior during design. PSIM 

(by Powersim Inc.) is widely used software for circuit  
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Fig. 1. Pulse Step Modulated HVPS 

 

simulation, where simulation of switching components is 

faster and reasonably accurate [10]. However multi-

secondary transformers beyond six secondaries cannot be 

modeled with the available elements in PSIM’s library. To 
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overcome this problem, different modeling approaches are 

discussed, one of them being magnetic model with linear 

loss-less core in PSIM [7]. In practice transformers are 

manufactured with core that is made up of CRGO steel 

laminations working close to the limits of its linear 

behavior with acceptable losses. This paper presents 

comparative study of all approaches [7] and mainly 

discusses modeling of multi-secondary transformer with 

saturable core. 

 

 
Fig. 2. PSM Based HVPS Application 

 

 

2. Multi-Secondary Transformer & Modeling 

Approaches  

 

Measurements were made on a 3-phase, 1600 kVA, 50Hz, 

11/1.1 kV, 40 secondary cast resin transformer [8], to be 

used in a High Voltage Power Supply rated 100kV, 25 A as 

shown in Fig. 3. Tests were conducted as per standard 

norms [9]. During testing, it was found that overall 

impedance (%Z) measured is 8 % while measured 

impedance with individually loaded secondary winding is 

in 2% - 3.5% range. For impedance measurement of 

individual loaded secondary winding, rated secondary 

current is passed through by that winding by injecting 

equivalent primary current in HV winding.  The 2 % value 

is observed for windings at the middle of a limb and 

gradually increases up to 3.5 % for top and bottom 

secondary windings as shown in Fig.4. The actual value of 

impedances offered by a winding is important to estimate 

short circuit protection scheme for each secondary winding 

and ripple voltage on DC link, in particular under no  or 

light load conditions. Circuit model of such a transformer is 

possible in several ways.  

The simplest way to simulate the multi-secondary 

transformer is to use as many parallel connected individual 

transformer as secondary windings [7]. But, in this model, 

each transformer behaves independently, unlike practical 

multi-secondary transformer where ampere-turn loadings 

are closely coupled among secondary windings. Another 

approach by inserting intermediate transformer [7] provides 

better matching of impedances under individual loaded 

secondary to all secondaries loaded.  

 

 
Fig. 3. 1600 kVA, 40 Secondary Transformer 
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Fig. 4. Secondary Impedance Observation in 1600 kVA 

Transformer 

 

An improved model of a multi-secondary transformer 

uses a magnetic element [7] that gives nearly same 

numerical effect of loading of two windings as a practical 

multi-secondary transformer. In that approach, for a 

transformer where overall impedance (%Z) is observed to 

be around 8% while measured impedance with individually 

loaded secondary winding is 2 % .This model too doesn’t 

describe a real transformer, the variation of impedance of 

windings from the middle to the ends of the limbs are not 
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reflected in the result. In practice, this variation in %Z for 

these secondary windings varies from 2 – 3.5 % (Fig. 4). 

The model using magnetic elements as in [7] has been 

revised with use of saturable core in-place of linear loss less 

core models. In order to get impedance variation due to 

location of winding on the limb, a gradient in leakage flux 

is introduced in place of constant leakage flux all 

throughout.  

 

 

3. Model using Revised Magnetic Elements 

 

A revised model of multi-secondary transformer is 

simulated in PSIM software. PSIM model library have 

magnetic elements and saturable core models [10]. B-H 

curve tool of PSIM software is used to match B-H curve of 

actual transformer core made up of CRGO steel laminations. 

The transformer model in PSIM & its partial sub circuits 

are shown in Fig. 5. Fig. 5 (right) shows a sub circuit for 

single phase only while in actual similar 3 networks exists 

for 3 phase transformer.  

A saturable core in PSIM component library require 

certain parameters are calculated from available 

transformer dimensions while coefficients are obtained 

from curve fitting tool with known boundary conditions. 

PSIM having the following parameter set for defining a 

saturable core. 

 

AL (core)  Inductance factor for core, defined as the 

inductance per turn squared, in H, 

AL (air gap)  Inductance factor for Air Gap, defined as the 

inductance per turn squared, in H, 

AC  Core cross sectional area, 

lg  Air Gap Length, 

l  Core Length, 

RLC  Core resistance for loss estimate, 

C  Coefficient ϕsat, in Weber, 

Where ϕ sat = Bsat * AC  

K1  Coefficient K1 for the core B-H curve, 

Kexp1  Coefficient for the core B-H curve, 

K2  Coefficient for the core B-H curve, 

Kexp2  Coefficient for the core B-H curve, 

 

Coefficient K1, Kexp1, K2, Kexp2 are used to fit B-H curve 

of actual used steel laminations. All coefficients are for 

piecewise linearization of B-H curve for CRGO steel. The 

actual transformer made using M120-27S5 (IEC 60404-8-7 

referred nomenclature) grade steel laminations and was 

designed at Flux density (B) of ~1.5 T. In B-H curve tool 

box of PSIM Software, Curve fitted by inserting actual 

dimension data and adjusting various curve fitting 

coefficients. Fig. 6 shows CRGO material B-H curve 

obtained by PSIM tool, used for this analysis.   

 

 
Fig. 5. Multi-Secondary Transformer Magnetic Model 
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Fig.6. Modeled B-H Curve 
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Apart from saturable core parameters, required 

parameters for this model in PSIM software are, 

 

REUQ     Equivalent winding resistance derived from test 

report, 

LEQU     Equivalent leakage inductance derived from test 

report, 

AL (core)     Inductance factor for core, 

NP       Number of turns for primary winding, 

RP       Primary winding resistance, 

NS       Number of turns for secondary winding, 

RS       Secondary winding resistance, 

ALP (Leakage) Inductance factor for primary winding, 

RLP  Winding resistance due to leakage flux, 

ALS (Leakage) Inductance factor for secondary winding, 

RLS      Secondary winding resistance due to leakage 

flux, 

 

Above parameters can be derived from design data and 

test data of the available 1600 kVA, 11 /1.1 kV transformer. 

Values of winding resistance (RP & RS) and leakage 

inductance (LP & LS) are derived from short circuit load test 

results. NP and NS are design parameters. Inductance factor 

(ALP (leakage)) is the ratio of leakage inductance to square of 

number of turns.  

 

RP=RS= 0.5 * REQU 

LP=LS= 0.5* LEQU 

ALP (Leakage) =LP / (NP)
 2
 

ALS (Leakage) =LS / (NS)
 2 

 

After formation of complete model, it is verified and 

cross checked with initial necessary simulated tests like 

Voltage ratio ,Overall impedance (by short circuit test) and 

no-load losses.  

 

 

4. Observation 
 

Main two observations are done after implementing 

saturable core model in PSIM,  

1. Individual Secondary Winding Impedance 

Fig.7 shows comparison of individual secondary winding 

impedance for actual transformer and simulation model. 

These values are derived from amount of leakage flux 

linkages to secondary windings in different proportions 

with respect to position of winding on limb.  

2. No-Load Current 

In transformer, no load current contains odd harmonics 

because of nonlinear behavior of core material. After 

implementation of saturable core in model, no-load current 

is observed and compared with actual transformer results. 

Table 1 shows FFT spectrum of no-load current for actual 

transformer & simulation model while Fig. 8 shows 

simulation waveform of no-load current. 

 

 
Fig.7. Individual Winding Impedance Comparisons 

 

Table 1. FFT Spectrum of No-Load Current 

Harmonic 

Order (n) 

Actual Transformer Simulation Model 

Ratio (In/I1) Ratio (In/I1) 

1 100.00 100.00 

3 8.10 4.60 

5 22.00 14.20 

7 8.50 5.10 

9 0.30 0.80 

11 0.75 0.57 

13 0.26 0.10 

15 0.15 0.08 
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Fig. 8. No-Load Current Waveform 

 

 

5. Conclusion 

 

Even though the conclusion may review the main results 

or contributions of the paper, do not duplicate the abstract o

r the introduction. For the conclusion, you might elaborate 

on the importance of the work or suggest the potential appli

cations and extensions. 
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