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Abstract—In multiphase machine drives, accuracy of 

the estimated machine parameters is crucial for effective 
performance prediction and/or control. While a great 
amount of work has been done on parameter estimation 
for three-phase machines, corresponding discussions for 
six-phase machine remain scarce. It has been proven in 
the literature that the effect of mutual leakage inductance 
between different winding layers has a significant impact 
on the equivalent machine reactance, which challenges 
the standard separation method of stator and rotor 
leakage inductances from the measured locked-rotor 
impedance. In this paper, parameter identification of an 
asymmetrical six-phase induction machine using six-
phase no-load and locked-rotor tests is discussed. A zero-
sequence test using an improved equivalent circuit is 
proposed to improve the accuracy of the estimated 
parameters. The concept is verified using experimental 
results obtained from a low-power prototype asymmetrical 
six-phase machine.  
 

Index Terms—Induction machines, parameter 
estimation, six-phase machines, zero-sequence test.  

I. INTRODUCTION 

n modern variable-speed electric drives, accurate knowledge 
of machine parameters is essential for good control 

performance. Consequently, various parameter estimation 
methods have been proposed over the years for three-phase 
machines [1]–[3]. Since multiphase machines have gained 
popularity in the research community in the past two decades, 
some research efforts have been devoted to the parameter 
estimation for multiphase machines as well [4]–[10]. 

Similar to a three-phase machine, parameter estimation 
methods for multiphase machines are established based on 
specific machine equivalent circuits, particularly those 
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governed by the vector space decomposition (VSD) model 
[11]. Using the VSD approach, a multiphase machine can be 
decomposed into several equivalent circuits that represent the 
decoupled vector subspaces, commonly known as the α-β (or 
d-q), the x-y and the zero-sequence subspaces [12]. An 
example of a typical VSD based equivalent circuit 
representation for a six-phase induction machine is shown in 
Fig. 1. Since the fundamental α-β subspace is identical to that 
of a three-phase machine, standard no-load and locked-rotor 
tests [3] (termed standard tests hereafter) seem to be readily 
applicable. However, this requires the knowledge of the stator 
to rotor leakage inductance ratio (Lls/Llr), which is crucial for 
separation of stator and rotor leakage inductance from the 
measured locked-rotor impedance. Unlike three-phase 
machines where Lls/Llr  has been defined in IEEE Std-112 
based on experience and empirical observations, the lack of 
knowledge on Lls/Llr hinders the direct use of standard tests in 
multiphase machines. Consequently, some researchers have 
proposed to use parameter information from the x-y [6], [7] or 
zero-sequence subspaces [13] together with standard tests in 
α-β subspace for complete parameter estimation. However, 
such approaches are based on the fundamental assumption that 
the stator leakage inductances (Lls) in the x-y and zero-
sequence subspaces are equivalent to the one in the α-β 
subspace. Though this assumption has been verified in some 
cases [6], [7], [13], it is not always true. As a matter of fact, it 
has been pointed out that the leakage inductances in the 
fundamental (α-β) and non-fundamental subspace can be very 
different one from the other [8], [14], [15], depending on the 
machine stator winding design. Under such circumstances, 
aforementioned parameter estimation methods are no longer 
valid. 

Asymmetrical six-phase machines are arguably one of the 
most frequently utilized multiphase machine types. Their 
modular three-phase structure allows the machine to be 
obtained from an existing three-phase machine by splitting the 
stator windings. Furthermore, such structure allows existing 
knowledge of three-phase machine to be easily extended to the 
six-phase machine. In terms of the machine model, the 
modular three-phase structure has inspired the double d-q 
model [16] (as in Fig. 2), where the equivalent circuit is 
essentially a modified three-phase equivalent circuit with two 
parallel stator branches. 
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Fig. 1. Conventional VSD model (without separate mutual stator leakage 
inductance).  
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Double d-q model  
Fig. 2. Double d-q model with mutual stator leakage inductance. 

 
Although the use of double d-q model precedes that of the 

VSD model, the latter has gained wider popularity and is 
preferred in recent works for modelling and control of six-
phase machines [17], [18]. One interesting feature of the 
double d-q model is that it explicitly takes into account the 
presence of a mutual stator leakage inductance (Llm), which is 
usually either neglected, or lumped together with Lls in the 
VSD model. For parameter estimation, the knowledge of Llm is 
important, as it is known to be the cause for the dissimilar 
leakage inductances in different subspaces [14] and can have 
non-negligible impact on the steady state performance of the 
machine [19].  

In this paper, parameter estimation methods based on the 
standard tests are proposed for an asymmetrical six-phase 
induction machine where the stator leakage inductances vary 
between different subspaces. Under such scenario, previous 
multiphase machine parameter estimation methods are not 
applicable and a new approach is required. Consequently, a 
new six-phase machine VSD model has been proposed, with 
two main modifications: the presence of Llm is taken into 
account and the impact of rotor coupling in the zero-sequence 
subspace is included.  

The paper is organized in the following manner: in section 
II, the equivalence of the double d-q and VSD approaches is 
re-examined, where the presence of Llm in the VSD model is 
explicitly expressed. Subsequently, the use of six-phase 
standard tests for parameter estimation is explored in section 
III, where it is shown that using only no-load and locked-rotor 
tests is insufficient to uniquely determine all machine 
parameters. Then, in section IV, special attention is devoted to 
the equivalent circuit in the zero-sequence subspace of the 
machine. By analyzing the MMF distribution, it is concluded 
that coupling with rotor circuit cannot be ignored in this 
subspace, and a new equivalent circuit is proposed to provide 
additional information for parameter estimation. All 
theoretical results are validated using experimental results 
shown in section V, while concluding remarks are contained 
in section VI. 

II. MODELS OF A SIX-PHASE INDUCTION MACHINE 

An asymmetrical six-phase induction machine is considered 
here. The machine has double layer stator winding with 
winding pitch of 5/6, since this value is the most suitable value 
to minimize the stator leakage inductance and is used in 
practice in six-phase machines [14], [16]. The machine has 
two sets of three phase windings, spatially displaced by an 
angle of 30o, with phases a1-b1-c1 associated with winding 1 
and phases a2-b2-c2 associated with winding 2.  

A. Double d-q Model 

Unlike the VSD model, the double d-q model is obtained by 
applying two separate decoupling transformations, [T3-1] and 
[T3-2], to the variables in winding 1 and winding 2, 
respectively [20], [21]: 
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The resultant α1-β1 and α2-β2 variables are used to define 
the machine model, as shown in Fig. 2. It is worth noting that 
in [20], [21] the correlation of the parameters in the double d-q 
model and the VSD model has been studied. However, the 
derivations were again obtained based on the assumption that 
Llm can be neglected. 

B. Modified VSD Model 
In [14], the effect of mutual leakage inductance on VSD 

model of a six-phase machine, as a function of the coil pitch, 
has already been investigated. However, the correlation 
between the obtained parameters in the VSD model and the 
parameters in the double d-q model, particularly Llm, has not 
been established.  

Here, the same derivation is reported for the double d-q 
model. This can be done by splitting the stator leakage flux 
( ls) equation in [14] and rewriting it as two sets of equations, 
one for each of the three-phase winding:    ]][[][][][][
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Here Lt and Lb are the self-inductances associated with the top 
layer and bottom layer of the conductors in a slot, 
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respectively; [I3] is 3×3 identity matrix; Mtb is the mutual 
inductance between the two layers and constants k1, k2 and k3 
are functions of the coil pitch, as given in [14]. 

For the double d-q model, two three-phase decoupling 
transformations (1) and (2) are applied onto (3), to give the 
following equations for the two windings:  
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The equations for zero-sequence components are: 
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From the derivation, it can be seen that the stator leakage 
inductance in the α-β subspace consists of two parts: 
1) A self-leakage component, 

)3(2)( 321 kkkMLLL tbbtls                   (7) 

2) A mutual leakage component,  

tblm MkL 332                           (8) 
By comparing (7) and (8) with the results derived in [14], the 
leakage inductances for the VSD model and double d-q model 
can be related as follows:   

lslsxylmlsls LLLLL  2                     (9)

 Similar to the relation established in [21], [22], apart from Rs 
and Lls, the new VSD model can be represented by a new VSD 
equivalent mutual leakage inductance (Llm’) magnetizing 
inductance (Lm’), rotor leakage inductance (Llr’) and rotor 
resistance (Rr’), whose magnitudes are twice those in the 
double d-q model. 

rrlrlrmmlmlm RRLLLLLL 2'2'2'2'                (10)
 

The new VSD equivalent circuit representation in Fig. 3 
shows that the effective stator leakage inductance in the α-β 
subspace is larger than the one in the x-y subspace, due to the 
presence of the mutual leakage effect between the two stator 
winding sets. By measuring the impedance in the x-y 
subspace, Lls can be directly determined. Nevertheless, even 
though Lls is known, information from standard tests is not 
sufficient to identify all machine parameters, as discussed 
next.  

 

Vxy 

Rs Lls 

Vαβ

Rs Lls Llm’ Llr’ 

Lm’ Rr’/s 

 
Fig. 3. α-β and x-y plane equivalent circuits for VSD model considering 
mutual stator leakage inductance. 

III. SIX-PHASE STANDARD TESTS 

A.  Six-phase Standard Tests 

Similar to three-phase machines, parameter estimation for 
asymmetrical six-phase induction machines can be done using 
the six-phase version of the standard no-load and locked-rotor 
tests. This can be performed by applying balanced 
asymmetrical six-phase voltages, obtained from either a 
transformer with dual wye-delta secondary windings [14] or a 
multiphase inverter [6]. Under these tests, only the α-β 
subspace is excited, so that the parameters obtained from the 
corresponding tests are given in Table I.  

B.   Six-phase x-y Subspace Test 
Additionally, an impedance test in the x-y subspace can be 

performed to identify Lls (the last row in Table I). For an 
asymmetrical six-phase machine, this can be done by 
controlling appropriately a multiphase inverter [6] or by phase 
order transposition (b1-c1 and a2-b2) [12, 14]. Such voltage 
sequence will excite only the x-y plane but not the α-β plane, 
so that Lls can be determined from the angular frequency (), 
the measured fundamental voltage component (V1), 
fundamental current component (I1) and the phase shift 
between them (ϕ): 

 sin
1

1

I

V
LL lslsxy                              (11) 

Although Lls can be determined in this way, the described 
tests do not enable separation of the stator and rotor leakage 
inductances in the measured blocked-rotor inductance. The 
main problem is in the Llm’, which is lumped with Lm’ in no-
load test and with Llr’ in the locked-rotor test. Hence, 
additional information is necessary to fully estimate all 
machine parameters. Thus, in this paper, an additional zero-
sequence test is proposed, as discussed in the next section. 

IV. PROPOSED ZERO-SEQUENCE TEST 

A. Zero-sequence Inductance of the Stator Windings 
From [14] and (6), it is found that both double d-q and VSD 

models have the same zero-sequence stator leakage inductance 
and it depends on the value of k2: 

22100 6)2(2)( kMLLkkMLLL tblmlstbbtls   
                                 (12) 
For a practical winding pitch, with r that lies in the range of 
5/6 < r < 1, the value of k2 is zero. This allows (12) to be 
simplified as  

lmlsls LLL 00                               (13)
 

Consequently, the equivalent circuit for the zero-sequence 
subspace is given in Fig. 4. Based on Fig. 4, it appears that Llm 
(and hence Llm’ which is equal to 2Llm) could be theoretically 
obtained from the zero-sequence inductance using standard 
zero-sequence test. However, this is not the case due to the 
non-negligible rotor coupling effect, which is explained in the 
following subsection. 

B. Effect of Rotor Induced Current under Zero-
sequence Test 

In electric machines, a general assumption of zero total flux 
is usually made when a three-phase winding is fed with a zero-
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sequence current component. This assumption is true for the 
fundamental torque producing flux component; however, the 
effect of low order harmonics will mainly depend on the 
winding layout. In multiphase machines, the effect of low 
order harmonics cannot be ignored in all cases and should be 
addressed carefully. 

In an asymmetrical six-phase winding, there are two zero-
sequence components, with a spatial displacement of 90° 
between their magnetic axes. To illustrate this point, the MMF 
distribution for different cases, for a machine with 12-
slots/pole-pair and a winding pitch of 5/6, is plotted. Firstly, 
the MMF distribution is shown in Fig. 5 for the α-β current 
excitation. Fig. 6 shows the MMF distribution from each 
three-phase winding set and the resultant MMF due to both 
windings when all phases are connected in parallel to a single-
phase supply and assumed to carry equal phase currents, i.e. 
is0+ = is0-. It is clear that the magnetic axes of the flux 
components due to both windings are spatially displaced by 90 
electrical degrees, which means that the two components are 
magnetically decoupled. Hence, the per-phase inductance will 
be theoretically the same with either one or both three-phase 
sets excited. 

Both three-phase winding sets exhibit a flux distribution 
with a number of pole-pairs equal to 3p. The magnitude of the 
third harmonic component equals 0.244 pu, i.e. approximately 
25% of the fundamental component under α-β current 
excitation.  

V0+0- 

Rs Lls Llm 

 
Fig. 4. Zero-sequence plane equivalent circuit for VSD model for short 
pitched windings (5/6 < r < 1), without rotor effect. 

 
           (a)                        (b) 
Fig. 5. MMF distribution (a) and its spectrum (b) with α-β current excitation. 

  
(a) (b) 

Fig. 6. MMF distributions (a) and their spectra (b) under 0+ (top row), 0- 
(middle row) and both zero-sequence (bottom row) current excitation. 

TABLE I 

PARAMETERS ESTIMATED FROM SIX -PHASE TESTS 

No-load test 
Lnl Lls+Llm’+Lm’ = Lls+2(Llm+Lm) 
Locked-rotor test  
Rlock Rs+  Rr’ = Rs+  2Rr 
Llock Lls+Llm’+Llr’ = Lls+2(Llm+Llr) 
x-y excitation test 
Llsxy Lls 

 
Since a cage rotor can effectively interact with all air gap 

flux harmonics, a non-negligible rotor current component can 
be induced. It is clear that the next low order harmonics under 
α-β current excitation are the 11th and 13th. Interestingly 
enough, the 5th and 7th are completely cancelled. Nevertheless, 
in practical case and due to different machine asymmetries, 
the airgap flux may exhibit very small 5th and 7th harmonics. 
However, the coupling with rotor due to these small 
components can be merely neglected since the magnetizing 
coupling inductance of each of these harmonics is proportional 
to the square of the MMF magnitude of such a harmonic. For 
this reason, only the third harmonic components need to be 
taken into account.  

Under single phase ac excitation, the air gap flux created by 
the third harmonics will have a pulsating nature. Hence, the 
average torque due to this flux component at zero speed will 
sum to zero; this is why the effect of this subspace was 
neglected in the literature. However, the impact of this rotor 
coupling should not be overlooked during parameter 
estimation. It is not accurate to assume that the zero-sequence 
impedance can be simply represented by the stator resistance 
and the sum of the stator self- and mutual leakage inductances

lmlsls LLL 00 . The effect of the rotor circuit should be 
included. Due to this, it is also expected that the zero-sequence 
resistance will be higher than the stator resistance. 

It is worth noting that zero-sequence test for a six-phase 
machine can be conducted using either three-phase excitation 
or six-phase excitation. The former is done by applying a 
single-phase ac source across all three phases of one three-
phase winding connected in parallel, while the latter excites all 
six phases in parallel, as illustrated in Fig. 7. Both approaches 
result in a pulsating airgap flux, but with some slight 
differences between them. Since magnetic axes of the two 
components are in quadrature (i.e. they are spatially displaced 
by 90° in electrical angle), the magnitude of the fundamental 
of the resultant MMF distribution under a six-phase excitation 
(which is the third harmonic) will be 2 times the magnitude 
of the corresponding MMF component produced by separate 
three-phase windings, as illustrated in Fig. 6. 

AC

a1b1c1a2b2c2

AC

a1b1c1a2b2c2

 
Fig. 7. Connections for zero-sequence test using three-phase excitation (left) 
and six-phase excitation (right). 
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Furthermore, the difference between the equivalent 

resistance and stator resistance under six-phase excitation will 
be twice the same difference under three-phase excitation, 
since the magnitude of the third harmonic flux component is 
increased by a factor of √2, which yields the same gain in the 
induced rotor voltage and current. Hence, the rotor copper 

losses increase by a factor of (√2)2 = 2. This doubles the 
equivalent rotor resistance when reducing rotor circuit to the 
stator side. This will be confirmed in experimental results 
later.  

Since the air gap flux in this case has a pulsating nature, the 
most appropriate equivalent circuit that can be used as a 
representation will be similar to the equivalent circuit of a 
single-phase induction machine in locked-rotor condition. As 
it has been mentioned before, since the magnetic axes of the 
both windings under zero-sequence excitation are in 
quadrature, both circuits are decoupled. Hence, three-phase 
excitation will be enough to carry out this test.  

The proposed equivalent circuit for three-phase zero-
sequence test is shown in Fig. 8. The magnetizing inductance 
for the third harmonic (Lm3) can be represented in terms of the 
fundamental magnetizing inductance Lm1 (= Lm) using a 
scaling factor Km31: 

1313 mmm LKL                                (14) 
The per-phase input impedance is then 
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This complex equation leads to two real equations,      21313
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which can be solved together with the equations obtained from 
the no-load and locked-rotor tests. 

The equivalent rotor resistance and inductance of the zero-
sequence subspace can be found as functions of those of the 
fundamental   subspace as follows. The rotor resistance and 
leakage inductance referred to the stator side can be found as 
functions of the equivalent bar and end ring segment 
resistance (rbe) and inductance (lbe) as [8]:  

be
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where m is the number of stator phases, Tph is the number of 
turns per phase, Kw(k) is the stator winding factor for any 
harmonic order k, Sr is the number of rotor bars, and Kskew(k) is 
the cage rotor skewing factor for any harmonic order k and is 
given by 
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Fig. 8. Improved zero-sequence equivalent circuit. 
 
where δ is the rotor skew angle. In practice, skew angle of one 
stator slot is usually used. 

Hence, the rotor parameters of the zero-sequence subspace 
can be put in the following form 
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According to the winding function theory, the relation 
between the magnetizing inductance of the fundamental 
subspace and the zero-sequence subspace should follow the 
rule [8]: 
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By solving these equations, machine parameters Lls, Llm, Lm1, 
Llr 1 and Km31 can be obtained. Other parameters (e.g., Lm3, Llr3) 
are normally of no importance as they relate only to the zero-
sequence components and the machine is usually operated 
with two isolated neutral points.  

The overall parameter estimation method based on 
aforementioned tests is illustrated in Fig. 9. The “fsolve” 
function in Matlab has been used to solve the final four 
nonlinear equations to obtain the estimated parameters 
(bottom block in Fig. 9). Note that Km31 is assumed unknown 
in this identification technique. The value obtained from (23) 
is used as an initial guess when solving the obtained nonlinear 
equations using numerical solvers. The factor that needs to be 
calculated, which depends on machine geometric data, is C31.  

V.   EXPERIMENTAL RESULTS 

To verify the presented theoretical discussion, the above-
described tests are applied to a small asymmetrical six-phase 
induction machine, obtained by rewinding a six-pole 50Hz, 
380V (220V phase-to-neutral), 930 rpm three-phase induction 
machine. The six-phase machine is configured with double 
layer winding with short winding pitch of 5/6, with the same 
copper volume. The new rated phase voltage of the six-phase 
machine is 110V with the same 1.75 A rated current. As a 
result of the double layer winding and the winding pitch, the 
effect of the mutual stator leakage inductance should be 
carefully investigated. The stator resistance is first determined 
using dc test, and is found to be 12.5Ω. For the standard tests, 
which are essentially ac tests, the stator resistance will be 
approximately 1.1 times larger, i.e. 13.75Ω. This value will be 
used for relevant calculations in the parameter estimation test.  
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Obtain Rs from 
Dc test 

Obtain Lnl from  
No-load test

Obtain Rlock and 
Llock from  

Locked-rotor test  

Six-phase Standard Tests

x-y excitation test
(using (11))

Obtain Rs, Rr1, Lls, (Llm+Lm1) and (Llm+Llr)
(based on Table I)

Obtain Kw1 and Kw3  based on stator 
winding configuration  

Obtain Kskew1 and  Kskew3 using (20)  

Obtain C31 using (22) and values of 
Kw1, Kw3  Kskew1 and Kskew3

Obtain Rzero and 
Lzero from 

Three-phase  
zero-sequence 

test

Obtain Rr3 using (21)

Substitute all known parameters into (16) & (17) and
solve for Llm, Lm1, Llr and Km31 together with 

No-load and Locked-rotor inductance equations (based on Table I)
 

Fig. 9. Flowchart showing the complete parameter estimation procedure. 

   
Fig. 10. No-load inductance obtained from the 
six-phase test. 

Fig. 11. Locked-rotor inductance obtained from 
the six-phase test. 

Fig. 12. Locked-rotor resistance obtained from the 
six-phase test. 

   
Fig. 13. Inductance obtained from the x-y plane 
excitation. 

Fig. 14. Zero-sequence inductance obtained from 
the three-phase zero-sequence test. 

Fig. 15. Zero-sequence resistance obtained from the 
three-phase zero-sequence test. 

 
A. Six-phase Standard Tests 

For the six-phase standard tests, a custom made voltage 
source converter is used to supply the machine with the six-
phase voltage. The voltage is applied at a constant frequency 
of 50Hz, using open-loop controller in the α-β plane. Dual PI 
controllers (one PI in the synchronous reference frame, 
another in the anti-synchronous reference frame) are used to 
provide closed-loop current control in the x-y plane, keeping 
the x-y current at zero at all times. This helps to reduce the 
unwanted effects due to the machine/converter inherent 
asymmetry. Phase currents and voltages are measured using 
oscilloscope and FFT is performed using Matlab to extract the 
fundamental components and phase angles. Measurements are 
done on all six phases and the results are averaged, giving 
values in Table II. Figs. 10-12 show the no-load inductance, 
the locked-rotor inductance and the locked-rotor resistance 
obtained from the six-phase standard tests. 

Next, the connections between the converter and the 
machine are rearranged (according to the discussion in Section 
III -B), so that the x-y plane is excited instead. From this test, 

equivalent inductance of the x-y plane, Lxy can be determined, 
as shown in Fig. 13. This is equivalent to the stator leakage 
inductance Lls, according to (9). The experimental results 
show that Lls is exceptionally small compared to the locked-
rotor inductance, which is Llock = Lls+2(Llm+Llr). Based on this 
relation, the sum of mutual leakage and rotor leakage 
inductance is approximately 33.1 mH. Additional zero-
sequence test is hence necessary to separate Llm from Llr, in the 
hope of obtaining a more accurate estimate of the machine’s 
parameters. 

B. Zero-sequence Test 
As the final test to identify the machine’s parameters, zero-

sequence tests are conducted. As mentioned in Section IV-B, 
zero-sequence test can be done with either three-phase or six-
phase excitation. 

The zero-sequence inductance and resistance for the three-
phase zero-sequence tests are plotted in Fig. 14 and Fig. 15, 
respectively. These are the inductance and resistance obtained 
when 50 Hz single-phase ac voltage supply is applied across 
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three parallel-connected phase windings in one three-phase 
winding set. As expected, the zero-sequence resistance is 
higher than Rs due to the coupling effect of the rotor, as seen 
in Fig. 8. 

In order to confirm the theoretical analysis in Section IV-B, 
six-phase zero-sequence test is also done, and the zero- 
sequence inductance and resistance are given in Fig. 16 and 
17, respectively. Comparison of Figs. 15 and 17 shows that the 
difference between equivalent resistance and stator resistance 
(governed by (16)) under six-phase excitation is 
approximately twice the difference under three-phase 
excitation. This confirms correctness of the theoretical 
derivation in section IV. 

The testing and the described procedure enable full 
separation of identified machine parameters, as discussed next. 

C. Estimated Machine Parameters 

Generally, the effect of different operating conditions has 
been already discussed in the literature for multiphase 
induction machine [6], [8]. Even though the equivalent circuits 
used for the parameter estimation tests proposed here are 
slightly different, their main function is to allow segregation 
of the leakage inductances (Lls, Llm, and Llr), enabling a more 
accurate parameter estimation and hence a better performance 
prediction. The findings regarding the effects of operating 
conditions on estimated parameters, given in [6], [8], are still 
valid and this is therefore not addressed here. Instead, only the 
parameter values at rated conditions are estimated.  

The results of the developed parameter estimation technique 
are given in Table III; the values correspond to the double d-q 
equivalent circuit of Fig. 2. Corresponding parameters for the 
developed VSD model can be obtained using Table III and 
correlations in (10). It is worth noting that in normal operation 
with isolated neutrals, the zero-sequence subspace has no 
effect on the    machine performance. However, the main benefit 
of estimating the parameters of this subspace is to obtain an 
improved estimate for Llm. Other parameters of the zero-
sequence subspace can be then discarded. 

D. Machine Characteristic Curves 
To verify the accuracy of the estimated parameters, the 

experimentally obtained and simulated characteristic curves of 
the prototype machine are compared. In order to determine the 
machine characteristic curves, the machine is coupled to a dc 
machine to act as a mechanical load. A description of the 
equipment and the procedure used to obtain the machine 
characteristics experimentally is provided in the Appendix. 

The theoretical characteristic curves depend only on the 
parameters of the α-β plane and are calculated based on the 
equivalent circuit given in Fig. 1, in three different ways. In all 
three cases iron core loss is included, by adding the equivalent 
iron loss resistance, obtained from the no-load test, in the 
circuit of Fig. 1. It is connected in parallel to the magnetizing  

TABLE II  
PARAMETERS DETERMINED FROM THE SIX -PHASE STANDARD TESTS 

Lnl 639 mH 

Rlock 25.3 Ω 

Llock 71.5 mH 

Llsxy 5.3 mH 

 
Fig. 16. Zero-sequence inductance obtained from the six-phase zero-sequence 
test. 

 
Fig. 17. Zero-sequence resistance obtained from the six-phase zero-sequence 
test. 

 
inductance, its value is 2700 , and its existence has been 
neglected in the parameter estimation process. Stray load 
losses and mechanical losses are neglected in the calculations 
(although the latter was identified in a separate test for the two 
coupled machines). In Method 1 locked-rotor leakage 
inductance is simply split into equal stator and rotor leakage 
inductance (Llsαβ = Lls (= 2Llr) = Llock/2 = 35.7mH). In Method 
2 stator leakage inductance is taken as given by the x-y plane 
test (Llsαβ = Llsxy = Lls = 5.3mH), while the difference between 
the locked-rotor inductance and x-y inductance is attributed to 
the rotor leakage inductance (2Llr = 66.2mH). Finally, in 
Method 3 the values given in Table III are used, so that Llsαβ = 
Lls+2Llm = 46.1mH and 2Llr = 25.4mH. 

The comparison of theoretical curves, obtained using these 
three different calculation methods, with experimentally 
obtained results is shown in Fig. 18. It is obvious that the 
Method 2, which accurately takes stator leakage inductance 
from the x-y plane test, gives the worst fit with the 
experimental values, since the stator mutual leakage 
inductance gets incorrectly lumped with the rotor leakage 
inductance. On the other hand, Method 1 in which locked-
rotor inductance is simply split equally into stator and leakage 
inductance provides reasonably accurate result for the 
characteristics in the α-β plane. As can be seen from Fig. 18, 
the proposed parameter identification technique gives a very 
good agreement between the measured and theoretical values. 

Using a wrong value of the stator leakage inductance in the 
x-y plane would lead to a large error in prediction of the stator 
current harmonics in that plane. Since accurate separation of 
the mutual stator leakage inductance from stator and rotor 
leakage inductances is enabled with Method 3, the prediction 
of the machine behavior in the x-y plane will also be very 
accurate, as shown in the next subsection. 

The three methods lead to a different value of the rotor time 
constant, which is required for indirect rotor flux oriented 
control (IRFOC) and which governs the dynamics of the drive 
and response accuracy. Rotor leakage inductance, obtained 
using Method 1 to Method 3, is 17.85mH, 33.1mH, and 
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(a) 

 
(b) 

 
(c) 

Fig. 18. Comparison between estimated and experimental characteristic 
curves: (a) speed/torque curve, (b) current/torque curve, and (c) 
efficiency/output power curve. 

 
12.7mH, respectively. However, as the magnetizing 
inductance is 296.5mH, the ratio of the maximum (Method 2) 
to minimum (Method 3) rotor time constant is only 1.066. 
Such a small variation of the rotor time constant causes minute 
differences in the dynamic response that cannot be detected 
experimentally [1]. 

E. Behavior in the x-y Plane 
To illustrate the importance of correct stator leakage 

inductance identification in the second plane, the following 
experiment is performed. A six-phase system of sinusoidal 
voltages is created as described in Appendix A, and it is then 
applied to the machine at standstill. To excite only the x-y 
plane, the same principle of phase transposition as in Section 
III -B is used when connecting source six-phase voltages to the 
machine phases. The six-phase voltages are selected with 
50Hz, 20Vrms values. Fig. 19 shows experimentally recorded 
phase voltage and current of one phase. 

Next, the phase current is calculated using the two different 
values of the stator leakage inductance that correspond to 
Method 1 and Method 3 (35.7mH and 5.3mH; value in 
Method 2 is the same as for Method 3 in the x-y plane). The 
results are compared in Fig. 20 against the measured current of 
Fig. 19. It is evident that the stator leakage inductance of 
5.3mH provides far superior agreement with the 
measurements than the value in Method 1. The same impact 
would have been experienced in a voltage source inverter fed 
machine in relation to the current ripple prediction. This 
analysis confirms the correctness of the identified stator self-
leakage inductance in (7). 

F. Summary 

On the basis of the results reported in the previous two 
subsections it can be concluded that:  Method 1 (splitting of the locked-rotor test inductance 

equally into stator and rotor leakage inductance) enables 
reasonably good prediction of the performance in the first 
plane but gives a poor prediction of the behavior in the 
second plane.  Method 2 (taking total stator leakage inductance in the 
first plane as equal to the one in the second plane and 
lumping the mutual stator leakage inductance with the 
rotor leakage inductance) gives correct prediction of the 
behavior in the second plane, but a very poor performance 
prediction in the first plane. 

TABLE III  

ESTIMATED PARAMETERS FOR THE PROTOTYPE MACHINE 
Rs 13.75  Rr = Rr1 5.775  Rr3 4.32  
Lls 5.3 mH Llm 20.4 mH Llr = Llr1 12.7 mH 
Llr3 8.26 mH Lm = Lm1 296.5 mH Lm3 17.8 mH 

 

 
Fig. 19. Applied phase voltage and measured phase current for the machine 
supplied with the winding connected to the source using phase transposition. 

 
Fig. 20. Comparison of the experimentally recorded current of Fig. 19, with x-
y plane excited, with predictions given by Method 1 and Method 3. 

v 

i 
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  Method 3, developed here, with accurate separation of all 
the leakage inductance components, enables accurate 
prediction of the performance in both planes. 

VI. CONCLUSION 

In this paper, an improved parameter estimation technique 
for asymmetrical six-phase induction machines has been 
proposed. Two main modifications to the machine model have 
been suggested, resulting from consideration of the effect of 
the mutual stator leakage inductance and the influence of rotor 
induced currents in the zero-sequence subspace. It is shown 
that the proposed model allows all machine parameters to be 
estimated using six-phase standard tests together with x-y 
excitation test and a zero-sequence impedance test. 
Experimental results show a very good match of machine 
characteristic curves and current in the x-y plane with 
simulated ones, confirming the validity of the presented 
parameter estimation method. 

APPENDIX A 

Schematic representation of the applied measurement 
procedure is shown in Fig. 21. A linear four-quadrant 
Spitzenberger & Spies amplifier was used to generate three-
phase voltage input 110Vrms, 50Hz for the first winding. The 
required supply for the second winding was created using 
delta-wye transformer. Equal 110Vrms voltage in both three-
phase systems was achieved by means of an autotransformer. 
Voltages were monitored using an oscilloscope. Currents and 
voltages were measured in all six phases using Honeywell 
CSNE151-100 current sensors and LEM LV25-P voltage 
transducers, respectively. Measured current and voltage values 
were passed, using dSpace ADC board ds2004, for further 
processing into the dSpace 1006 system. To calculate the input 
active power, moving average filter principle was used and 
input power was calculated for each phase separately. In a 
similar way, voltage and current rms values were also 
calculated. Five periods of signal were saved (time duration 
0.1s). The sampling rate of dSpace was 20kHz.  

Output power was obtained from measured speed and 
torque values. Torque/speed Magtrol Torquemaster TM210 
sensor was used for this purpose.  
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Fig. 21. Schematic of the experimental setup used to obtain experimental values in Fig. 18. 
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