
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2903750, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

 

Abstract—Testing the high-power machines in general 
is not an easy task. One of the standard tests is the full-
load test. This test typically requires another machine, of 
the same or higher power rating, to be coupled to the 
tested one. For multiphase machines, which are 
commonly designed for high power applications, this test 
can be conducted in a different way. In order to simplify 
full-load test, this paper introduces a new method which is 
applicable for multiple three-phase machines with even 
number of neutral points. The method is based on indirect 
rotor-field oriented control (IRFOC). It enables evaluation 
of the efficiency and the thermal design in the case of 
synchronous machines and the segregation of the 
constant and stator variable losses for induction 
machines, without the need for coupling another machine 
as a load. In the presented method the full-load test 
conditions on the stator are obtained by circulating the 
rated active power flow in closed loop from one winding 
set to another. The only power used during the test is to 
cover machine and converter losses. The proposed 
control scheme is unique and it is based around 
y-component from the vector space decomposition (VSD) 
subspace. It is validated through the simulation and 
experimental results. 
 

Index Terms— Multiphase Machines, Multiple Three-
phase Machines, Regenerative Test, Synthetic Loading. 

I. INTRODUCTION 

ULTIPHASE machines (number of phases n > 3) split 

the power among more than three phases [1]. Therefore, 

they are getting more and more popular in the high-power 

applications, such as wind generation. Among multiphase 

machines, the most popular and also the preferred ones by the 

industry are those with multiple three-phase winding sets. This 

is so since they utilise well-established three-phase power 

electronics technologies [2, 3]. 
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Development of new machines is always accompanied by 

numerous tests. The most common one is the full-load test, in 

which the machine is loaded from zero up to the full load. 

From this test various characteristics of the machine (e.g. 

efficiency, temperature rise curve – provided that thermal 

sensors are built into the machine, etc.) can be obtained before 

the machine is placed into series production. A common 

option for performing the full-load test is by coupling the 

tested machine mechanically with another one, which behaves 

as a load. During this test, back-to-back configuration of the 

machines and the converters (used to supply tested and 

loading machine) is commonly used [4, 5]. Testing the high-

power machines in this way is time-consuming and costly, so 

that alternative methods to perform full-load test have been 

developed. Several options to perform the test, without the 

need to couple the tested machine with another one, are 

available for three-phase machines, including: two-frequency 

method [6], phantom loading [7] and inverter driven method 

[8, 9]. From the perspective of the temperature-rise, these 

methods are equivalent to the back-to-back method and the 

effective voltage and the stator current are equal to the rated 

values of the machine [10]. The difference is that the back-to-

back configuration has the ability to recirculate the power 

while these methods cannot (and hence are accompanied by 

high power losses). In the back-to-back configuration, if the 

dc-links of the used converters are connected, the only power 

taken from the supply will be for the losses of the machines 

and the power electronics converters. However, this way of 

testing is still very expensive for the electrical machines with 

high power rating (for example, a few MW wind turbine). 

Somewhat different approach for regenerative testing of 

concentrated winding permanent magnet synchronous 

machine under the full-load condition, without the need for 

mechanical coupling, has been introduced in [11, 12]. In this 

method the power is circulated between the different sections 

of the machine. The machine had four three-phase sections; 

hence, two opposite sections were connected in parallel and 

supplied by two three-phase converters with common dc-link. 

One converter operated in generation and the other in 

motoring mode. This system can be also observed as a 

multiphase system. As the control was done independently for 

each converter, one can say that it corresponds to multiple dq 

(or multi-stator, MS) control approach of a multiphase 

machine [2]. 
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The basic idea of [11, 12] has been further enhanced in [13], 

where a six-phase permanent magnet machine with 

sinusoidally distributed windings was considered. While in 

[11, 12] implementation of the multiple dq algorithm was 

extremely simple due to the machine’s construction (three-

phase windings are mutually decoupled), that is much more 

involved in [13]. The control scheme in [13] is also based on 

the multiple dq approach and full coupling compensation (i.e. 

decoupling) is required since the machine’s stator winding is 

distributed. 

In this paper, a novel and different approach to implement 

the regenerative test for multiple three-phase winding 

machines with an even number of neutral points is introduced. 

In contrast to the approach in [11-13], based on the multiple 

dq control algorithm, the method is here based on the VSD 

modelling. As a consequence, the control requires, at least 

under ideal conditions, a lower number of the current 

controllers when compared to the MS approach of [11-13] (in 

reality, non-ideal drive behaviour necessitates use of the same 

number of current controllers). The method is based on 

IRFOC and is implemented by utilising a unique y-component 

of the VSD matrix. It is applied to six-, twelve-, and eighteen-

phase machines with symmetrical and asymmetrical 

configuration. 

The testing scenario and the corresponding control 

algorithm can be used directly for efficiency evaluation of 

synchronous machines. However, in the case of induction 

machines, it is only possible to segregate the constant and 

load-dependent stator losses but not to evaluate the efficiency, 

for the reasons explained in detail later. This is regarded as the 

second important contribution of the paper. 

The paper is organised as follows. In section II, the 

regenerative test from [11, 12] is revisited. Section III 

introduces the regenerative test schemes using the MS 

(existing) and VSD (novel) approach for multiple three-phase 

winding machines with an even number of neutral points. The 

simulation results of the proposed scheme are provided and 

discussed in section IV, where the differences in the 

obtainable characteristics for synchronous and induction 

machines are also addressed. Next, the experimental results of 

the regenerative test are presented in section V for an 

asymmetrical six-phase induction machine and the segregation 

of constant losses from variable stator losses is illustrated. 

Finally, the conclusions are summarised in section VI. 

II. REGENERATIVE TEST FOR HIGH POWER MACHINES 

WITH DIVIDED WINDINGS 

Regenerative test can be used for testing the machine’s full 

load capabilities. In this way the efficiency and the thermal 

design (subject to installation of temperature sensors) can be 

verified. One possible method for performing this test, without 

the need for coupling another machine to the tested machine, 

is presented in [11, 12]. Tested machine is a 780 kW, 14 rpm 

interior permanent-magnet (IPM), three-phase, 136-pole 

machine and its stator is split, by the construction, into four 

sections, where each section forms a three-phase machine 

(Fig. 1). The specific construction of the machine makes those 

three-phase winding sections magnetically mutually 

decoupled. However, the method is also easily applicable to 

any other machine with multiple three-phase sections, but, if 

coupling is present, control becomes much more involved. 

For testing this machine, two three-phase sections, which 

are opposite to each other (S1–S3 and S2–S4) are connected in 

parallel to one of the two converters (see Fig. 1). The first set-

pair S1–S3 operates in motoring, while the second one S2–S4 is 

in generation mode. The set-pairs are controlled in speed and 

torque mode, respectively. Converter’s motoring current im is 

halved between sections S1 and S3, while generated current ig 

is equally contributed by S2 and S4. Used control scheme is a 

four-quadrant FOC. The machine is accelerated using the first 

set-pair operating in the speed mode; once it has accelerated 

and reached the steady state, the rated (negative) torque is 

applied to the second set-pair. The generation torque and the 

motoring torque cancel each other within the machine itself. 

During the test, the phase flux-linkage is also controlled in 

order to obtain the same voltage fundamental for all four 

sections (two motoring and two generation sections). 

Note that both converters share the same dc-link. Therefore, 

the power taken by S1 and S3 is the re-circulated power 

generated by S2 and S4. The only losses present in the system 

during the test are the converters’ and the machine losses 

(copper, core and mechanical losses). These power losses are 

compensated by the power taken from the grid in order to keep 

the machine running during the test (Fig. 1). 

III. REGENERATIVE TEST USING MS AND VSD APPROACH 

The two main methods for multiple-three phase winding 

machine modelling are MS and VSD (multi-stator and vector 

space decomposition) methods. Both are suitable for vector 

control operation. In the previous works [11-13], related to 

PM machines, MS approach was used, while here VSD will be 

employed, as noted already. In order to introduce and explain 

the newly developed regenerative test, these two modelling 

approaches and the correlations between them are introduced 

first. Studied stator winding topologies are shown in Fig. 2. 

The correlation between the two approaches represents the 

starting point for subsequent derivations and formulation of 

the new regenerative test procedure. 

A. Multi-stator (MS) approach 

One way to implement the regenerative test for these 

machines is by using the control based on the multiple dq (i.e. 
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Fig. 1:  Regenerative test layout of a machine with divided windings. 
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MS) approach. This technique can be applied to any 

multiphase machine with multiple three-phase winding sets. 

MS approach for machine modelling has been introduced in 

[14] for asymmetrical six-phase induction machine. By using 

this approach each three-phase winding set can be considered 

as a separate three-phase machine with different flux and 

torque current component current controllers (d and q 

currents); hence, it is also called multi-stator (MS) approach. 

In [15], the authors utilised the MS approach to control the 

power flow among different energy sources for a dual three-

phase PMSM. 

As the same number of sets should operate in the motoring 

and generation mode, the regenerative test can be easily 

implemented in the machines with an even number of winding 

sets, i.e. neutral points. Therefore, the machines considered in 

this paper are six-, twelve-, eighteen-, etc., phase machines in 

symmetrical or asymmetrical configuration (see Fig. 2). The 

regenerative test can be applied using the following steps: 

1. For one half of the winding sets FOC scheme has the 

speed of the machine as the control variable, while the 

other sets are operated in the torque control mode. 

2. During the start-up of the machine, all winding sets are 

controlled in the speed mode. 

3. After reaching the desired speed and establishing a 

steady-state operating point, half of the winding sets are 

switched to the torque control mode. 

4. The torque reference for these sets is set to a negative 

value. The total torque reference provided to the 

generation sets should be set to no more than one half of 

the rated torque of the machine. 

By implementing the pervious steps, half of the machine is 

set to the motoring mode and the other half is set to the 

generation mode. In other words, the machine is loaded using 

its own winding sets. 

For a six-phase machine, the equilibrium torque is 

expressed by the following equation: 

1 2s s fwT T T   (1) 

where Ts1 and Ts2 stand for the torque developed by the first 

and the second winding set, respectively, and Tfw stands for the 

friction and windage power losses. However, Tfw is usually 

very small and can be neglected. Thus, equation (1) can be 

rewritten as follows: 

1 2s s agT T T  
 

(2) 

where Tag stands for the developed torque in the air-gap of the 

machine. 

The schematic of the regenerative test for a twelve-phase 

machine using MS control scheme is illustrated in Fig. 3. For 

the twelve-phase machine, torque balancing equation can be 

written as follows: 

 1 3 2 4s s s sT T T T   
 

(3) 

1 3 2 4s s s s agT T T T T     
 

(4) 

Torque balancing equation and MS control scheme are 

equally applicable to multiple three-phase machines with 

symmetrical and asymmetrical configuration. The only 

difference is in the Clarke’s (decoupling) transformation that 

should be applied. Clarke’s transformation for each winding 

set of a multiple three-phase machine is defined as: 

 

   

   

cos ( ) cos 2 3 cos 4 3
2

C( ) sin ( ) sin 2 3 sin 4 3
3

1 2 1 2 1 2

i

i

io

     

      

  
 

   
 
    

(5) 

where δ represents the spatial displacement of the winding set, 

with respect to the first winding set. If a symmetrical six-phase 

machine is taken as an example, then δ = 0 for the first 

winding set and δ = 2π/6 for the second winding set. However, 

for the asymmetrical six-phase machine, δ = π/6 for the second 

winding set. Clarke’s transformation presented in (5) can be 

utilised for a twelve-phase machine as well. For symmetrical 

configuration δ is equal to 0, 2π/12, 4π/12 and 6π/12 for the 

first, second, third and fourth winding set, respectively. As far 
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Fig. 2:  Magnetic axes of symmetrical and asymmetrical six- and 
twelve-phase machines with two and four isolated neutral points, 
respectively. 
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Fig. 3:  Regenerative test schematic for twelve-phase machine using MS control scheme. 
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as asymmetrical twelve-phase machine is concerned, δ is 

equal to 0, π/12, 2π/12 and 3π/12 for the first, second, third 

and fourth winding set, respectively. 

B. VSD approach 

Controlling multiple three-phase machines using MS 

approach is not trivial since there is a heavy coupling between 

the winding sets [13]. On the other hand, VSD approach 

decouples a multiphase machine into n/2 subspaces. 

Moreover, there is only one flux/torque producing subspace 

(α-β subspace), instead of two (six-phase) or four (twelve-

phase) when MS approach is used. Therefore, VSD is a 

preferable way for closed loop control of multiphase machines 

in general. The remaining subspaces (x-y subspaces) present in 

VSD approach are the loss-producing subspaces. 

Theoretically, these subspaces do not need to be controlled, 

but in practice they are usually controlled in order to eliminate 

any asymmetries of the machine or of the converter. 

Sometimes, the auxiliary x-y subspaces are also controlled to 

non-zero current values, to achieve post-fault operation of a 

multiphase machine. 

VSD transformation for an asymmetrical six-phase machine 

with two isolated neutral points is given as: 

 

 

 

 

6A
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6
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1

2
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 
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 
    
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(6) 

where [θ6A] is defined according to the angular position of the 

phases for the first and the second winding set, as: 

 6A 6 0 4 8 1 5 9      (7) 

For asymmetrical twelve-phase machines, with four neutral 

points, VSD transformation matrix can be expressed as:  
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(8) 

where [θ12A] is defined as:  

   12A /12 0 8 16 1 9 17 2 10 18 3 11 19  
 (9) 

Although it is well known that (6)-(9) decouple the machine 

into n/2 subspaces (with only one α-β subspace), the problem 

is that the information about individual sets is lost now. 

Therefore, there is no possibility to control the individual 

winding sets any more directly, without further equation 

manipulation that is addressed in the next sub-section [16]. 

Such individual control is an easy task when using MS 

approach (but, the price to pay was the heavy cross-coupling, 

[13]). As a consequence, another method, based on links 

between those two approaches, is developed in order to have 

the ability to control the winding sets separately. 

C. Links between MS and VSD approach 

The links between the two approaches have been 

established first in [17]. The x-y current components from 

VSD were used there to control the current amplitude of each 

winding set of a quadruple three-phase machine, i.e. for 

current sharing. In [18], the authors found the general 

correlations between the VSD and MS modelling approach for 

multiphase machines with multiple neutral points. These 

correlations express the x-y currents in terms of the winding 

set αi-βi currents. This provides the ability to VSD approach to 

individually control the currents of each winding sets through 

the control of x-y subspaces. For example, the correlation of 

asymmetrical six-phase machine VSD and MS approach can 

be found by multiplying the inverse of (5) ([C(δ)]-1) for each 

winding set by the correspondent currents in the stationary 

reference frame (αi-βi-oi). The result of the multiplication 

illustrates how the stationary reference frame currents (αi-βi-oi) 

contribute to the phase currents. By multiplying the obtained 

correlations by [VSD6], defined in (6) for the asymmetrical 

six-phase machine, the product will define how the VSD 

currents are related to the individual winding set currents αi-βi-

oi. The final result for the highest (the k-th) x-y subspace is 

illustrated in the first row of Table I. From Table I, one can 

see that the x and y current components consist purely of either 

αi or βi components. It is interesting to note that repeating the 

same procedure for a symmetrical six-phase machine will 

actually produce the same results as for the asymmetrical six-

phase machine in Table I. 

The correlations between the MS and VSD approach for the 

twelve-phase machines can be found in the same way (please 

see Appendix for details). The same can be repeated for the 

eighteen-phase machines with six neutral points and the 

results of the highest x-y subspace are included in the third 

TABLE I: 

MS AND VSD EQUIVALENCE FOR SYMMETRICAL AND ASYMMETRICAL 

SIX-, TWELVE- AND EIGHTEEN-PHASE MACHINES (XK-YK SUBSPACE). 

Six-phase 

 1
1 22xi i i    

 1
1 22y ii i     

Twelve-phase 

 1
3 1 2 3 42x i ii i i        

 1
1 2 3 43 2y i ii i i         

Eighteen-
phase 

 1
1 2 3 4 5 665x i i i ii i i            

 1
1 2 3 4 5 665y i i ii i i i             
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row of Table I. Once again, regardless of whether the 

eighteen-phase machine is symmetrical or asymmetrical, the 

result is the same and is as given in Table I. 

D. New VSD-based regenerative test 

One can notice from Table I that y-current component in the 

highest order subspace always consists of βi currents only. 

Half of the βi currents are subtracted from the sum of the other 

half. In case of six-phase machines this is clear from iy 

component, for twelve- and eighteen-phase machines this can 

be seen from iy3 and iy5, respectively. Looking back at the 

regenerative test and MS approach, the idea is to make half of 

the winding sets to have negative q current (generation) while 

the other sets should provide the same amount of positive q 

current (motoring). Note that, for IRFOC, rotating reference 

frame control is necessary, which requires use of d-q variables 

rather than α-β. In this way, half of the machine winding sets 

will load the other half. 

The regenerative test can be applied to any multiple three-

phase winding machine, with an even number of neutral 

points, by using IRFOC in d-q subspace and by controlling the 

last of the y-current components. The control schematic of a 

regenerative test for multiple three-phase winding machines 

with an even number of neutral points is illustrated in Fig. 4. 

The regenerative test can be implemented using the following 

steps: 

1. During the initial acceleration, the machine is set to speed 

control mode, where d and q currents are regulated using 

PI controllers. 

2. After the machine has reached the reference speed, the 

desired regenerative torque reference (T*
rg) can be applied 

using the y-axes reference current, i*
yk in the highest-order 

x-y subspace (see Fig. 4). 

3. Half of the winding sets will be in generation mode (with 

negative iβi), while the other half will be in motoring 

mode (with positive iβi). 

The i*
yk can be found from T*

rg in the same way as the 

reference iq
* is obtained from the torque reference Te

* (output of 

the speed controller), as shown in Fig. 4. The other x-y 

subspace reference currents are set to zero. It should be noted 

that the Park’s rotational transformation for d-q components is 

the standard one, leading to the synchronous reference frame; 

however, for the last xk-yk subspace the rotational 

transformation is implemented in such a way that the values 

are obtained in the anti-synchronous reference frame. Finally, 

one can see that the number of PI controllers is significantly 

reduced. For example, instead of using twelve PI current 

controllers to implement the regenerative test for eighteen-

phase machines using MS approach, only three PI current 

controllers are required to achieve the same result by utilising 

the proposed control scheme. Note that the reduction of the 

number of current controllers is valid in the ideal conditions 

only (no dead-time and no asymmetries in the machine), while 

in practice additional controllers are normally necessary. 

IV. SIMULATION RESULTS 

No particular attention has been paid so far to the type of 

the multiphase machine under test. Indeed, the deliberations of 

sections III are equally applicable to both synchronous and 

induction machines. The results in Table I are also universally 

valid, as is the control scheme of Fig. 4. However, the type of 

the machine leads to very important differences with regard to 

what can and what cannot be obtained from the regenerative 

test and this issue is addressed shortly. 

The regenerative test utilising the new approach based on 

VSD and IRFOC for multiple three-phase machines with an 

even number of neutral points is investigated initially through 

simulations in Matlab/Simulink. First, to demonstrate the 

validity of the approach for higher number of phases, 

simulation results are provided for asymmetrical six-phase and 

twelve-phase induction machines. However, the experimental 

results, given in the next section, are collected using the 

asymmetrical six-phase induction machine, which is the one 

available in the laboratory. 

The traditional speed control IRFOC scheme is 

implemented for asymmetrical six-phase machine with an 

extra current controller for iy by using the general scheme of 

Fig. 4. Initially, the machine’s reference speed is set to 

950 rpm (99.5 rad/sec). After the machine has accelerated and 

reached the reference speed, the regenerative torque reference, 

T*
rg, is changed from zero to the desired value at 1.7 s. After 

that moment, the T*
rg is increased every 0.1 s by 2 Nm. The 

machine parameters are provided in Table II. The obtained 

simulation results are illustrated in Fig. 5. 

From the simulation results shown in Fig. 5, one can see 

that after applying the regenerative torque at 1.7 s, the phase 

currents  are  changing in  all        winding sets (ia1, ia2) according 

to the change of T*
rg. However, the idq currents are constant (iq 

= 0, id = 0.7√3 A). The x loss-producing current is equal to 

zero. However, iy, which leads to the T*
rg  application,  changes 

as     the the torque demand T*
rg changes. The phase current peak 

value corresponds to    2 2ˆ 3 3n d yi i i  . The division by 

3 appears because of the used power invariant version of the 

VSD transformation. 

Active powers consumed by each winding set are shown in 

the last subplot of Fig. 5. Note that the power converters 

losses, machine iron core losses and friction losses are 

neglected in the simulations. The power, and hence the torque 

(because of the same and constant speed), of the machine are 

distributed equally among the winding sets. Half of the 

winding sets are having positive power and torque while the 
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Fig. 4:  Regenerative test control scheme for multiple three-phase 
winding machines with an even number of isolated neutral points. 
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other half have negative values. From Fig. 5, the total power 

losses (in this case, the total power consumed from the grid) 

can be easily obtained. The highest losses are in the last period 

of the regenerative testing between 1.9 s and 2.0 s. The total 

losses here are: (379.2 –243.3) = 135.9 W. Table III illustrates 

the results of the complete analysis of the average input power 

and stator copper losses of the asymmetrical six-phase 

machine. The table shows the phase current rms values (Irms) 

and average input power for each winding set (PinSi, where i is 

the winding set number), for different values of T*  
rg. The 

copper losses are calculated from the Irms values of the phase 

currents presented in Fig. 5. The algebraic sum of the PinS1 and 

PinS2 is equal to the stator’s winding losses (Pcus) of the 

machine since other losses are neglected. 

The above given power-related considerations do not 

mention rotor winding losses. The reason for this is that the 

rotor currents during the test are zero, since no net torque 

production is achieved (mechanical losses are neglected). 

Rotor currents are illustrated in the penultimate plot in Fig. 5 

to confirm this observation. This makes the applicability of the 

test to induction machines very different from the one related 

to permanent magnet (PM) synchronous machines in [11-13]. 

In particular, while the test is sufficient to determine the 

efficiency from no-load to full load operation in the case of 

PM machines (and to also obtain related temperature rise 

when appropriate sensors exist), in the case of induction 

machines this cannot be done. The test only enables obtaining 

the no-load to full-load sum of constant losses (iron plus 

mechanical; neglected in simulation) and corresponding stator 

winding losses. However, since the current is measured, it 

becomes easy to separate the constant and variable losses, as 

illustrated shortly. 

The twelve-phase machine parameters are the same as for 

the six-phase machine and are hence as provided in Table II. 

The simulation results of the asymmetrical twelve-phase 

machine are illustrated in Fig. 6. Initially, the machine’s 

reference speed is set to 950 rpm. After the machine has 

accelerated       and reached the reference speed, the regenerative 

torque reference, T*
rg, is changed from zero to the desired value 

at 1.25 s. The T*
rg is applied using iy3 reference current. After 

that moment, the T*
rg is increased every 0.25 s by 4 Nm. The 

average power analysis for the twelve-phase machine using 

simulation results is shown in Table IV. The penultimate 

subplot in Fig. 6 again illustrates rotor currents and confirms 

once more that, since they are zero in steady state, rotor 

winding losses are zero. 

The simulation results prove both the validity of the 

approach and its limitations in conjunction with induction 

machines. The efficiency and/or thermal design of a 

synchronous machine can be tested by using suggested simple 

modification of the FOC, and without the need to 

mechanically couple another machine, with results expected to 

be the same as in [11-13]. However, in the case of an 

induction machine, the approach can only be used to segregate 

the machine losses (stator copper losses vs. constant – i.e. core 

(PFe) and friction and windage losses (Pfw)). 

Experimental results for the asymmetrical six-phase 

induction machine are shown next, so that the simulation 

results and related observations are fully validated. 

V. EXPERIMENTAL RESULTS 

To examine the regenerative test for multiphase machines 

with an even number of neutral points, an experimental setup 

with asymmetrical six-phase induction machine has been used. 

The machine parameters are the same as those used for the 

six- and twelve-phase machine, Table II. However, the 

TABLE II: 

SIX- AND TWELVE-PHASE INDUCTION MACHINE PARAMETERS. 

fsw 10 kHz P 3 (pole-pairs) 

Llr 25.4 mH Rr 11.55 Ω 

Lls  5.3 mH Rs 13.75 Ω 

Lm 593 mH Vdc 320 V 

 

 
Fig. 5:  Regenerative test: simulation results for an asymmetrical six-
phase induction machine. 
 

TABLE III: 

AVERAGE POWER AND STATOR COPPER LOSSES OF ASYMMETRICAL SIX-
PHASE MACHINE – SIMULATION RESULTS.  

Trg (Nm) 0 2 4 6 

Irms (A) 0.495 0.626 0.928 1.283 

Pin S1 (W) 10.1 -87.2 -170.6 -243.3 

Pin S2 (W) 10.1 120.3 243.3 379.2 

Pcus (W) 20.2 32.3 71.1 135.9 
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switching frequency fsw is 5 kHz. The machine’s rated power 

is 1.1 kW and it is configured with two isolated neutral points. 

The experimental setup for the regenerative test for six-

phase induction machine is illustrated in Fig. 7. A custom-

made six-phase voltage source inverter (VSI) based on 

Infineon FS50R12KE3 IGBT modules supplies the machine. 

The VSI has a built-in dead-time of 6 µs. The dc-link voltage 

is provided by Spitzenberger & Spies four-quadrant operation 

linear amplifier, PAS2500, which is capable of sourcing and 

sinking the power. The control is implemented using real-time 

platform dSPACE ds1006. The phase currents are measured 

using the VSI internal LEM sensors and the dSpace ADC 

board dS2004 acquires all the phase current measurements. 

The speed is measured using an optical encoder coupled to the 

six-phase machine’s shaft. Two synchronously triggered 

Tektronix oscilloscopes (DPO/MSO 2014) are used for ac and 

dc voltage and current measurements. The measured currents 

and voltages are multiplied to provide the instantaneous power 

per winding set. Then, a moving average filter, with a window 

width equal to the fundamental period, is applied to obtain the 

average instantaneous power for each winding set. 

The regenerative test control schematic illustrated in Fig. 4 

is implemented using dSPACE. The flux/torque control is 

applied in the synchronous reference frame. The auxiliary 

current (y-current) control is implemented in the anti-

synchronous reference frame. Due to the relatively large dead-

time of the VSI, the fifth and seventh harmonics are large in 

the phase currents. Thus, two additional resonant vector PI 

controllers have been added to the auxiliary (x-y) current PI 

controllers, since the fifth and seventh harmonic are mapped 

into this subspace. 

Initially, the machine is accelerated using a speed reference 

of 950 rpm. After the machine has reached the set speed, the 

regenerative test with different values of the T*  
rg is applied. 

The T* 
rg is applied as a sequence with the values 0, 2, 4, 6 Nm. 

Each value is applied for a duration of 0.1 s. The experimental 

results of the regenerative test are illustrated in Fig. 8 and Fig. 

9. The current values in Fig. 9 are four times the actual 

currents of Fig. 8, since four turns where used to measure the 

current. One can notice that during the period from 0 to 0.1 s 

both windings of the tested six-phase machine are in motoring 

mode. This is obvious from the positive values of input 

powers of the winding sets (PinSi), illustrated in Fig. 8. In 

addition, the iy current is equal to zero in this period – hence, 

the regenerative test has not been initiated yet. The 

regenerative testing starts at 0.1 s. The T*
rg is set to 2 Nm 

during the interval from 0.1 to 0.2 s. From Fig. 8, one can see 

that at 0.1 s a step change from 0 to 0.967 A happens in the iy 

current. This change corresponds to the change of T*
rg. During 

this period, the behaviour of the input power of the winding 

sets is changed. The first winding set power has a negative 

value, while the second winding set has a positive input power 

(the last plot in Fig. 8). Of course, the dc-link input power 

(black trace in the bottom plot of Fig. 8) is still positive. This 

 
Fig. 6:  Regenerative test: simulation results for an asymmetrical 
twelve-phase induction machine. 

 
TABLE IV: 

AVERAGE POWER AND STATOR COPPER LOSSES OF ASYMMETRICAL TWELVE-
PHASE MACHINE – SIMULATION RESULTS.  

Trg (Nm) 0 4 8 12 

Irms (A) 0.495 0.626 0.928 1.283 

Pin S1, S3 (W) 10.1 -87.2 -170.6 -243.3 

Pin S2, S4 (W) 10.1 120.3 243.3 379.2 

Pcus (W) 40.4 64.6 142.2 271.8 

 

 
Fig. 7:  Experimental setup. 



This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2903750, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

is the power that the drive is using to cover the converter and 

the machine losses. The losses of the system include power 

electronic converter losses, stator’s winding and core losses of 

the machine, and the friction and windage losses (i.e. variable 

stator losses and constant losses). During the period between 

0.2 – 0.3 s the T* 
rg is set to 4 Nm. Finally, the rated stator 

current conditions of the machine are reached between 0.3 –

 0.4 s where the nominal torque and speed are applied. 

The current and power values, for different regenerative 

torques, are summarised in Table V. The machine losses are 

calculated by adding the input power (PinSi) of the two 

winding sets. The stator copper losses are calculated from the 

Irms of the two winding sets and from the knowledge of stator 

resistance (Table II), [19]. Next, the constant (mechanical and 

core) losses are calculated by subtracting the stator copper 

losses from the total machine losses. It is therefore simple to 

perform separation of constant losses and variable (load-

dependent) losses using the test data. Finally, the converter 

losses are calculated by subtracting the total machine losses 

(Pin1+Pin2) out of the input power from the grid (Pin dc). 

Comparison of the experimental results in Fig. 8 and the 

simulation results, given in Fig. 5, shows that the difference 

appears in the winding set powers, since the core and 

mechanical losses have been neglected in simulation. Indeed, 

the total machine losses in Table V exceed the corresponding 

values in Table III by the amount of the constant losses, which 

were not included in the simulation. 

The calculated stator winding losses, illustrated in Table III, 

are approximately the same as in Table V, while the stator 

currents rms values Irms are slightly higher in the experimental 

results (with the difference reducing as the torque increases, 

due to the diminishing relative importance of the constant 

losses). 

To verify the accuracy of the constant and load-dependent 

(stator winding) loss segregation, obtained using the 

regenerative test, the standard no-load test is performed as 

well, using the inverter supply and open-loop control. Stator 

voltage is varied by changing the modulation index of the 

inverter supply, while the frequency is set the same as for zero 

load torque in experimental regenerative test results of Table 

V. The constant machine losses, determined from the no-load 

test, are shown in Fig. 10, plotted against the fundamental rms 

voltage squared. Using the fundamental rms voltage of 94.5 V 

(i.e., its squared value 8,930 V2), it is possible to read the 

 
Fig. 8:  Experimental results of the regenerative test for the 
asymmetrical six-phase induction machine (shown phase current 
values are rms in A). 

 

(a) 
 

 

(b) 

 
(c) 

Fig. 9:  Experimental results of the regenerative test for asymmetrical 
six-phase induction machine: (a) Ch1-ia1, Ch2-ia2 and Ch3-idc current, 
(b) first set currents Ch1-ia1, Ch2-ib1, Ch3-ic1 (c) second set currents 

Ch1-ia2, Ch2-ib2 and Ch3-ic2. 
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constant loss of the machine as approximately 19.5 W in Fig. 

10. This voltage value corresponds to the phase rms 

fundamental voltage during regenerative test with 0 Nm 

setting. The value of 19.5 W agrees well with approximately 

18 W in Table V, obtained from the regenerative test. 

VI. CONCLUSION 

In this paper, a novel approach to the regenerative test for 

multiple three-phase winding machines with an even number 

of neutral points has been introduced. In contrast to the 

existing version, it is based on the VSD modelling method. 

The regenerative test can be implemented by adding an extra 

current controller for the yk-current component, where index k 

refers to the highest order x-y plane. It is elaborated in general 

terms for machine phase numbers up to eighteen. Compared to 

the existing version of the same test, based on the MS 

approach, control during testing is greatly simplified, since 

multiple decoupling terms are not required. The testing results 

are however independent of the control approach used. 

The testing principles are the same for both synchronous 

and induction machines. However, the test outcomes are very 

different. In the case of a synchronous machine the rated 

power is circulated among the winding sets, the necessity for 

mechanical coupling at the shaft of the machine with another 

machine is eliminated, and the test enables efficiency 

evaluation and temperature rise measurement. As the test has 

been used in conjunction with permanent magnet synchronous 

machine already, the emphasis in the paper is placed on an 

induction machine. It is shown that, in contrast to synchronous 

machines, the test cannot be used to yield efficiency 

evaluation (and temperature rise results). This is so since, 

during the test, rotor currents are kept at zero, since there is no 

load attached to the shaft (neglecting mechanical losses). 

However, the test does enable a simple, straightforward and 

accurate way of determining the constant (sum of core and 

mechanical) losses. 

The developed control scheme has been examined by 

simulation of six- and twelve-phase asymmetrical induction 

machines. Further, it has been validated experimentally using 

an asymmetrical six-phase induction machine. The results 

prove the theoretical considerations and show that the machine 

can operate at the nominal speed with rated stator currents and 

with zero total torque on the shaft, so that an accurate 

evaluation of the sum of the stator winding and constant 

machine losses can be obtained. Subject to the known stator 

resistance, further segregation of constant losses from the 

stator load-dependent losses is easily accomplished. 

APPENDIX: MS-VSD CORRELATION FOR A 12-PHASE 

MACHINE 

MS approach – Based on (5), for each set of asymmetrical 

twelve-phase machine, one can write: 

 
1

  abc i i o ii C i


         
 (10) 

where i = 1,2,3,4 denotes the winding set number, and δi 

denotes the winding set angle (δi = 0, π/12, 2π/12 and 3π/12). 

Putting all four equations from (10) together, one can write: 
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(11) 

The zeros in the matrix above are block matrices of size 3×3. 

VSD approach – Application of (8) gives: 

 VSD12 12 12phi VSD i       
 (12) 

where [iVSD12] = [iα iβ ix1 iy1 ix2 iy2 ix3 iy3 01 02 03 04]T. 

The links – If the values of [iph12] from (11) are substituted 

into (12) one gets: 

   
1

VSD12 12 12 12

4

o

ph diag

o

i

i VSD i VSD C

i





 
 

               
 
 

 (13) 

For simplicity, the central matrix of (11) is denoted as [Cdiag] 

in (13). After multiplying [VSD12] by [Cdiag], (13) becomes: 

TABLE V: 

EXPERIMENTAL RESULTS – LOSS ANALYSIS FOR ASYMMETRICAL SIX-PHASE 

INDUCTION MACHINE. 

T* 
rg (Nm) 0 2 4 6 

Irms S1 (A) 0.531 0.654 0.943 1.289 

Irms S2 (A) 0.531 0.659 0.944 1.285 

Idc (A) 0.181 0.219 0.344 0.538 

Pin S1 (W) 21.3 -83.4 -172.7 -248.3 

Pin S2 (W) 19.7 136.2 263.1 402.3 

Pin dc (W) 58 70 110 172 

Total Machine Losses (W) 41.0 52.8 90.4 154.0 

Pcus (W) 23.3 35.6 73.4 136.7 

Pfw + PFe (W) 17.7 17.2 17.0 17.3 

Converter Losses (W) 17.0 17.2 19.6 18.0 

 

 
Fig. 10:  Results of the standard no-load test of the asymmetrical six-

phase induction machine – constant losses against fundamental rms 

voltage squared. 
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(14) 

Equation (14) gives the links between MS variables (iα1, iβ1, 

…, iα4, iβ4) and the VSD variables (iα, iβ, ix1, iy1, …, ix3, iy3). 

Zero axes of VSD and MS approach are linked as: 01=(1/2)o1, 

02=(1/2)o2, 03=(1/2)o3, 04=(1/2)o4, and are omitted in (14). 

The final links in (14) are actually the same for 

asymmetrical and symmetrical case. 

 

REFERENCES 

[1] G. Singh, "Multi-phase induction machine drive research—A survey," 

Electric Power Systems Research, vol. 61, no. 2, pp. 139-147, 2002. 

[2] E. Levi, R. Bojoi, F. Profumo, H. A. Toliyat, and S. Williamson, 
"Multiphase induction motor drives - a technology status review," IET 

Electric Power Applications, vol. 1, no. 4, pp. 489-516, 2007. 

[3] E. Levi, "Advances in converter control and innovative exploitation of 
additional degrees of freedom for multiphase machines," IEEE Trans. on 

Industrial Electronics, vol. 63, no. 1, pp. 433-448, 2016. 
[4] N. Trout, "A three-phase back-to-back alternator test," Students' 

Quarterly Journal, vol. 5, no. 20, pp. 194-197, 1935. 

[5] K. Tada, A. Satake, K. Hashimura, Y. Ogashi, H. Masuda, and T. Oka, 
"Study of full load test method for large VSDS driven by non-

regenerative VSI," 2017 Petroleum and Chemical Industry Conference 

Europe PCIC Europe, pp. 1-9, 2017. 
[6] A. Meyer and H. W. Lorenzen, "Two-frequency heat run - a method of 

examination for three-phase induction motors," IEEE Trans. on Power 

Apparatus and Systems, vol. PAS-98, no. 6, pp. 2338-2347, 1979. 
[7] W. Fong, "New temperature test for polyphase induction motors by 

phantom loading," in Proc. of the Institution of Electrical Engineers, 

vol. 119, no. 7, pp. 883-887, 1972. 
[8] M. Sheng and C. Grantham, "Synthetic loading of three-phase induction 

motors by magnetic field magnitude modulation," IEE Proceedings: 

Electric Power Applications, vol. 141, no. 2, pp. 95-100, 1994. 
[9] W. Soltani, B. Szabados, and G. Hoolboom, "A new synthetic loading 

for large induction machines with no feedback into the power system," 

IEEE Trans. on Energy Conversion, vol. 17, no. 3, pp. 319-324, 2002. 
[10] S. L. Ho and W. N. Fu, "Analysis of indirect temperature-rise tests of 

induction machines using time-stepping finite element method," IEEE 

Power Engineering Review, vol. 21, no. 2, pp. 53-53, 2001. 
[11] F. Luise, S. Pieri, M. Mezzarobba, and A. Tessarolo, "Regenerative 

testing of a concentrated-winding permanent-magnet synchronous 

machine for offshore wind generation --- Part I: Test concept and 
analysis," IEEE Trans. on Industry Applications, vol. 48, no. 6, pp. 

1779-1790, 2012. 

[12] F. Luise, S. Pieri, M. Mezzarobba, and A. Tessarolo, "Regenerative 
testing of a concentrated-winding permanent-magnet synchronous 

machine for offshore wind generation --- Part II: Test implementation 

and results," IEEE Trans. on Industry Applications, vol. 48, no. 6, pp. 
1791-1796, 2012. 

[13] M. Zabaleta, E. Levi, and M. Jones, “A novel synthetic loading method 

for multiple three-phase winding electric machines,” IEEE Trans. on 
Energy Conversion, DOI 10.1109/TEC.2018.2850976. 

[14] R. Nelson and P. Krause, "Induction machine analysis for arbitrary 

displacement between multiple winding sets," IEEE Trans. on Power 
Apparatus and Systems, vol. PAS-93, no. 3, pp. 841-848, 1974. 

[15] S. Hu, Z. Liang, W. Zhang, and X. He, "Research on the integration of 

hybrid energy storage system and dual three-phase PMSM drive in EV," 

IEEE Trans. on Industrial Electronics, vol. 65, no. 8, pp. 6602-6611, 
2018. 

[16] I. Zoric, M. Zabaleta, M. Jones, and E. Levi, “Techniques for power 

sharing between winding sets of multiple three-phase machines,” IEEE 
Workshop on Electrical Machines Design, Control and Diagnosis 

WEMDCD, Nottingham, UK, pp. 208-215, 2017. 

[17] A. Tani, G. Serra, M. Mengoni, L. Zarri, G. Rini, and D. Casadei, 
"Dynamic stator current sharing in quadruple three-phase induction 

motor drives," in IECON 2013 - 39th Annual Conference of the IEEE 

Industrial Electronics Society, pp. 5173-5178, 2013. 
[18] I. Zoric, M. Jones, and E. Levi, "Arbitrary power sharing among three-

phase winding sets of multiphase machines," IEEE Trans. on Industrial 
Electronics, vol. 65, no. 2, pp. 1128-1139, Feb. 2018. 

[19] H. S. Che, A. S. Abdel-Khalik, O. Dordevic, and E. Levi, "Parameter 

estimation of asymmetrical six-phase induction machines using modified 
standard tests," IEEE Trans. on Industrial Electronics, vol. 64, no. 8, pp. 

6075-6085, 2017 

 
Ahmad Abduallah (S’15) received the B.Sc. and 
M.Sc. degrees in electrical engineering from 
Qatar University, Doha, Qatar. In 2012 and 2015, 
respectively. Since September 2016, he has 
been with Liverpool John Moores University, 
Liverpool, U.K., where he is working toward his 
Ph.D. degree in electrical engineering. He had 
worked as a research assistant and associate at 
Qatar University during the period between July 
2012 till December 2015. He is currently working 

as a research engineer at IMRA Europe U.K. research centre at 
Brighton. His main research interest includes power electronics and 
advanced machine drives. 

 

Obrad Dordevic (S’11, M’13) received his Dipl. 
Ing. degree in Electronic Engineering from the 
University of Belgrade, Serbia, in 2008. He joined 
Liverpool John Moores University in December 
2009 as a PhD student. Dr Dordevic received his 
PhD degree in April 2013 and was appointed as 
a Lecturer at the Liverpool John Moores 
University in May 2013. In 2018 he was 
promoted to a Reader in Power Electronics. His 
main research interests are in the areas of power 

electronics, electrostatic precipitators, and advanced variable speed 
multiphase drive systems. 

 

Martin Jones received his BEng degree in 
Electrical and Electronic Engineering (First Class 
Honors) from the Liverpool John Moores 
University, UK in 2001. He has been a research 
student at the Liverpool John Moores University 
from September 2001 till Spring 2005, when he 
received his PhD degree. Mr Jones was a 
recipient of the IEE Robinson Research 
Scholarship for his PhD studies and is currently 
with Liverpool John Moores University as a 
Reader. 

 

Emil Levi (S’89, M’92, SM’99, F’09) received 
his MSc and the PhD degrees in Electrical 
Engineering from the University of Belgrade, 
Yugoslavia in 1986 and 1990, respectively. He 
joined Liverpool John Moores University, UK in 
May 1992 and is since September 2000 
Professor of Electric Machines and Drives. He 
served as a Co-Editor-in-Chief of the IEEE 

Trans. on Industrial Electronics in the 2009-2013 period. Currently he 
is Editor-in-Chief of the IEEE Trans. on Industrial Electronics, Editor-in-
Chief of the IET Electric Power Applications and an Editor of the IEEE 
Trans. on Energy Conversion. He is the recipient of the Cyril Veinott 
award of the IEEE Power and Energy Society for 2009 and the Best 
Paper award of the IEEE Trans. on Industrial Electronics for 2008. In 
2014 he received the “Outstanding Achievement Award” from the 
European Power Electronics (EPE) Association and in 2018 the 
“Professor Istvan Nagy Award” from the Power Electronics and Motion 
Control (PEMC) Council. 


