
Citation: Guo, J.; Liu, X.; Lu, K.; Zhu,

Z. Parameter Identification of

Variable Flux Reluctance Machines

Excited by Zero-Sequence Current

Accounting for Inverter Nonlinearity.

Energies 2022, 15, 9287. https://

doi.org/10.3390/en15249287

Academic Editor: Vítor Monteiro

Received: 2 November 2022

Accepted: 30 November 2022

Published: 7 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Parameter Identification of Variable Flux Reluctance Machines
Excited by Zero-Sequence Current Accounting for
Inverter Nonlinearity
Jiaqiang Guo 1,2,3, Xu Liu 1,2,*, Kaiyuan Lu 3 and Ziqiang Zhu 4

1 State Key Laboratory of Reliability and Intelligence of Electrical Equipment, Hebei University of Technology,
Tianjin 300130, China

2 Key Laboratory of Electromagnetic Field and Electrical Apparatus Reliability of Hebei Province,
Hebei University of Technology, Tianjin 300130, China

3 Department of Energy Technology, Aalborg University, 9220 Aalborg, Denmark
4 Department of Electrical and Electronics Engineering, University of Sheffield, Sheffield S10 2TN, UK
* Correspondence: liuxu@hebut.edu.cn

Abstract: To identify the parameters of variable flux reluctance machines (VFRMs), the input voltage
value is usually obtained from the reference voltage indirectly. However, the reference and actual
voltages may be different due to the nonlinearity of the open winding inverter when using zero-
sequence current, leading to the inaccuracy of parameter identification. To solve this problem, this
paper proposes an equivalent nonlinearity voltage error model of the open winding inverter to
compensate for the input voltage of VFRM during the online parameter identification. Since in the
proposed method the phase current direction is not required, the calculation time can be reduced.
Moreover, in the developed parameter identification model of VFRM the derived equivalent nonlinear
voltage error is used to correct the input of the identification model so as to improve the accuracy of
parameters. Finally, the experimental results on the prototype VFRM are presented for verification.

Keywords: inverter nonlinearity; open winding; parameter identification; variable flux reluctance
machines; zero-sequence current

1. Introduction

Variable flux reluctance machines (VFRMs) are brushless synchronous machines with
stator excitation [1], with no winding or a permanent magnet on the rotor. VFRMs have
good application prospects for their excellent heat dissipation performance, wide speed
range, stable performance, and low cost [2,3]. In the control of VFRMs, integrated excitation
and armature windings are used, in which the stator currents contain AC components
and DC (zero-sequence) components. The AC component of the stator current acts as the
armature current, and the zero-sequence component acts as the excitation current [4,5]. To
provide a loop for zero-sequence current, an open winding inverter with a common DC
bus is used [6,7].

Online parameter identification is essential for high-performance machine control,
such as flux-weakening control, controller tuning, and sensorless control [8–12]. Online
parameter identification methods, including the recursive least squares method [8], model
reference adaptation [13], and Kalman filter algorithm [14], have been used for permanent
magnet synchronous machines (PMSMs) and induction machines. In online parameter iden-
tification, it is necessary to obtain the terminal voltage of machines in real-time. However,
voltage sensors will increase the control system’s cost and complexity, which is unsuitable
for low-cost applications. Therefore, a promising way to obtain the terminal voltage from
the reference voltage is the parameter identification. However, due to the inverter nonlin-
earity, there is a difference between the reference voltage and the terminal voltage, which
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would result in inaccurate parameter identification results. The nonlinearity of the inverter
is mainly due to the dead time, the voltage drop of power devices, and the error of DC bus
voltage. The dead time is set in the program to prevent the two power devices of the same
inverter leg from being turned on simultaneously. However, the dead time distorts the
output voltage of the inverter [15]. On the other hand, the power device is not ideal. During
conduction (e.g., IGBT) and freewheeling (e.g., diode), there is the saturation voltage drop,
which distorts the inverter output voltage. Since the duty cycle in PWM modulation is
related to the DC bus voltage, the inverter nonlinearity can also be caused by DC bus
voltage error [16]. Especially when the open winding inverter is used in VFRM, the inverter
nonlinearity is twice that of the single inverter. Moreover, in VFRM with zero-sequence
current excitation, the direction of the stator current is not changing every 180 degrees
due to the DC component, which is different from the stator current in PMSM. Thus, the
presence of zero-sequence current in the stator current increases the complexity of the
inverter nonlinearity. Therefore, to increase the accuracy of VFRM parameter identification,
it is necessary to study the nonlinearity of the open-winding inverter using zero-sequence
current excitation.

To suppress the influence of inverter nonlinearity on parameter identification, an
online dead time compensation method was proposed in [15], in which the nonlinearity
caused by the dead time effect is compensated for, but the voltage drops of power devices
are not discussed. To achieve the nonlinearity compensation, the model reference adaptive
method is used in [16] to estimate the variables that need to be compensated for for inverter
nonlinearity. In [17], the influence of inverter nonlinearity on parameter identification is
analyzed. The aforementioned methods focus on the nonlinearity compensation of a single
inverter. Some literature [18] has analyzed the nonlinearity of a dual inverter for dual
three-phase IPMSM, but the nonlinearity in zero-sequence is not mentioned. Zero-sequence
voltage is used to compensate for the dead-time in an open winding inverter in [19]. In
VFRM, however, zero-sequence voltage cannot be used in nonlinearity compensation since
it is used to control the excitation current. A closed loop nonlinearity compensation method
for an open winding inverter is proposed in [20], which requires several electrical periods
to converge when a step current is applied.

Therefore, the previous work focuses on the inverter nonlinearity compensation other
than the voltage error due to the nonlinearity, which is required for the actual voltage
without voltage sensors. In VFRM with zero-sequence current excitation, the current
direction is not changing every 180-degree due to the DC component. Additionally, the
harmonics in the back-EMF of the VFRM and the inverter nonlinearity result in high
current harmonics [21]. Therefore, the traditional inverter nonlinearity compensation
methods cannot effectively reduce the current distortion. In this case, the current distortion
caused by back-EMF harmonics and inverter nonlinearity are both suppressed by the
specified order harmonic suppression algorithm [22]. Since the inverter nonlinearity is also
compensated for by the harmonic suppression algorithm, to obtain the actual voltage, the
equivalent dq0-axis voltage error caused by the open winding inverter nonlinearity should
be investigated.

In this paper, by analyzing the operating characteristics of the open winding, the
equivalent nonlinearity model of open winding inverter for VFRM using zero-sequence
current excitation is proposed. The model does not need the direction of phase current,
resulting in lower calculation burden. The parameter identification of VFRM with high
accuracy is developed by using the recursive least square method, and the identification
of resistance and inductance is realized by the reference voltage with nonlinear inverter
voltage error compensation. Finally, the parameter identification method accounting for
the nonlinearity model of VFRM is verified by experiments.
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2. Control and Parameter Identification of VFRM
2.1. Model of VFRM

The topology of a 6/4 VFRM is shown in Figure 1. In the windings of VFRM, the
stator currents contain varying and constant components, in which the varying current
component acts as armature current and the constant component acts as excitation current.
To provide the loop for zero-sequence current, the open winding inverter with a common
DC bus is used in the driving system, as shown in Figure 2. The expressions of stator
currents are 

ia = IAC cos(ωet) + IDC
ib = IAC cos(ωet− 2π/3) + IDC
ic = IAC cos(ωet + 2π/3) + IDC

(1)

where ia, ib, ic are the stator currents, IAC is the amplitude of the varying current component,
and IDC is the zero-sequence component (will be replaced with i0 below). ωe is the electrical
angular velocity.

The voltage equation of 6/4 VFRM is shown in (2), where the third-order component
voltages are included. The third-order harmonics in the dq-plane are the map of second-
order harmonics in the fundamental component [5].ud

uq
u0

 = Rs

id
iq
i0

+ ωe

 −Lδ sin 3θe −Ls − Lδ cos 3θe 0
Ls − Lδ cos 3θe Lδ sin 3θe Lδ

0 0 0

id
iq
i0

 (2)

where ud, uq, and u0 are the d-, q- and 0-axis voltage components, Rs is the resistance
of winding, Ls is the constant component of stator winding inductance, and Lδ is the
alternating component of stator winding inductance. θe is the electrical angle.

Since the harmonics in the back-EMF of VFRM and inverter nonlinearity can cause
current distortion, the specific order harmonics compensation algorithm [21] is used to
eliminate the current harmonics. The basic principle of the specific order harmonics com-
pensation algorithm is to extract the dq component of the harmonic component to be
suppressed using different orders of the dq transform, since the other harmonics will pro-
duce harmonics in the dq axis of the target order. Therefore, the target dq-axis components
of the harmonic currents can be extracted using a low-pass filter. Finally, the harmonic
current loop is constructed based on the extracted harmonic current dq components, and the
given value is set to 0. After the current loop is stabilized, the harmonic is suppressed to 0.
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Figure 2. Topology of open winding inverter with common DC bus.

2.2. Parameter Identification of VFRM

Since the voltage harmonics are compensated for, the voltage equations shown in
(3) can be used in parameter identification. There are three parameters that need to be
identified in (3): resistance Rs, inductances Ls and Lδ.

ud = Rsid −ωeLsiq
uq = Rsiq + ωe(Lsid + Lδi0)
u0 = Rsi0

(3)

In the parameter identification of PMSM, the parameters that need to be identified
are more than the degree of voltage equations, which results in rank deficiency. In this
situation, the number of identified parameters should be limited, or a signal injection
method is needed [18]. Nevertheless, in the parameter identification of VFRM, the voltage
equations represent three independent algebraic equations. Therefore, the parameters of
VFRM can be identified by using the recursive least squares method [8]. According to (3),
the recursion equation of the parameter identification of VFRM is

θ̂t = θ̂t−1 + Pk

(
xkyk − xkxT

k θ̂t−1

)
(4)

where yk is the vector of estimated variables, θt is the estimated parameter vector and θ̂0 = 0,
Pk is the correction gain matrix and P0 = αI, α is a positive real value, xk is the regressor.

yk =

 Rsid −ωeLsiq
Rsiq + ωe(Lsid + Lδi0)
Rsi0

 =

ud
uq
u0

 (5)

xk =

id −ωeiq 0
iq ωeid ωei0
i0 0 0

 (6)

θ̂ =
[
Rs Ls Lδ

]T (7)

Pk = Pk−1 − Pk−1xk

[
I + xT

k Pk−1xk

]−1
xT

k Pk−1 (8)

3. Nonlinearity of Open Winding Inverter and Its Compensation

The actual voltage of VFRM is required in parameter identification. However, the ac-
tual voltage is often obtained indirectly from the reference voltage to reduce the cost. Since
the reference voltage and actual voltage are different, the investigation of open winding
nonlinearity is necessary to improve the accuracy of VFRM parameter identification.

In this section, the nonlinear mathematical model of the open winding inverter is
developed based on different power device states and current directions.
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3.1. Analysis of Three-Phase Nonlinear Voltage

Taking one phase bridge leg and winding as an example, in Figure 3, the current flows
forward from inverter 1 to inverter 2. In Figure 3a, when the S11 is turned on and S21
turned off, the current flows through S11 and S22, so the terminal voltage of winding A (Va)
equals the supply voltage minus the voltage drop of the two active switches. When S21
is turned on, the current freewheels through S11 and D21. Va equals the negative values
of voltage drops of S11 and D21. In Figure 3b, S11 and S21 are turned off, and the current
freewheels through D12 and S22; Va equals the negative value of voltage drops of D12 and
S22 at this time. When S21 turns on, the current passes through D21 and D22, Va equals
the supply voltage minus the voltage drop of two diodes. The analysis is similar when the
current flows in the opposite direction, as shown in Figure 3c,d. All the results of these
cases are shown in Table 1.
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Table 1. Actual voltage in different switching states.

Current Direction Switching State S11 = 1 S11 = 0

ia > 0
S21 = 1 Va = −Vce −Vd Va = −VDC − 2Vd
S21 = 0 Va = VDC − 2Vce Va = −Vce −Vd

ia < 0
S21 = 1 Va = Vce + Vd Va = −VDC + 2Vce
S21 = 0 Va = VDC + 2Vd Va = Vce + Vd

Where VDC is the DC-link voltage, Vce and Vd are the voltage drop of the active switch and freewheeling
diode, respectively.

Based on the above cases, the terminal voltages of phase A winding can be obtained
as (9).

Va = (VDC −Vce + Vd)
Ta

Ts
+ sgn(ia)(Vce + Vd) (9)

where Ta is the equivalent on-time of a switching period. Ts is the switching period.
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Since there are two inverters in series, as shown in Figure 2, the symmetrical mod-
ulation of the two inverters doubles the time error effect (mainly dead-time effect). The
on-time should be calculated by Equation (10) [9]

Ta = (T∗a1 − T∗a2)− 2sgn(ia)tcom (10)

where T∗a1 and T∗a2 are the on-time in a switching period of two inverters, respectively.
tcom = td + t–n − toff is the total time error, in which td is the dead time, ton is the sum of
turn-on delay and turn-on transition time, and toff is the sum of turn-off delay and turn-off
transition time.

Therefore, the three-phase voltage after considering the device voltage drop and dead
time can be expressed by:Va

Vb
Vc

 =
VDC −Vnl1

Ts

T∗a
T∗b
T∗c

− [(VDC −Vnl1)
tcom

Ts
+ Vnl2

]sgn(ia)
sgn(ib)
sgn(ic)

 (11)

where {
Vnl1 = Vce −Vd
Vnl2 = Vce + Vd

(12)

The difference between the reference voltages and actual voltages can be written as:Vaerr
Vberr
Vcerr

 =

V∗a
V∗b
V∗c

−
Va

Vb
Vc

 = Vnl1

T∗a /Ts
T∗b /Ts
T∗c /Ts

+

[
(VDC −Vnl1)

tcom

Ts
+ Vnl2

]sgn(ia)
sgn(ib)
sgn(ic)

 (13)

A stable DC power is used to provide power in the experiments, which is hardly
affected by the load, so the change of DC bus voltage is ignored.

3.2. Analysis of d-, q-, and 0-Axis Nonlinear Voltage

According to (13), the dq0-axis voltage error caused by inverter nonlinearity can be
obtained asVderr

Vqerr
V0err

 = Vnl1Cpark

T∗a /Ts
T∗b /Ts
T∗c /Ts

+

[
(VDC −Vnl1)

tcom

Ts
+ Vnl2

]
Cpark

sgn(ia)
sgn(ib)
sgn(ic)

 (14)

where Cpark is Park transform matrix.
The nonlinearity of the open winding inverter can be divided into two parts according

to (14). The first part is related to the duty cycle (T∗a /Ts), i.e.,Vderr1
Vqerr1
V0err1

 = Vnl1Cpark

T∗a /Ts
T∗b /Ts
T∗c /Ts

 = Vnl1

V∗d /VDC
V∗q /VDC
V∗0 /VDC

 (15)

Vderr2
Vqerr2
V0err2

 =

[
(VDC −Vnl1)

tcom

Ts
+ Vnl2

]
Cpark

sgn(ia)
sgn(ib)
sgn(ic)

 (16)

Equation (16) shows the variable components of nonlinear voltage. The harmonic
suppression algorithm has compensated for the inverter nonlinearity. Accordingly, the
equivalent voltage error needs to be calculated. It should be noted that the amplitude of
Vnl1 and duty cycle is relatively small compared with the second part of inverter nonlin-
earity. Thus, the first part of nonlinearity can be neglected. For example, according to the
parameters of IGBT, the amplitude of Vnl1 is about 0.6 V. When u0 is 10 V and Vdc is 80 V,
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then the amplitude of V0err1 is about 0.075 V. In the meantime, V0err2 is about 4–5 V, which
means the first part of nonlinearity is only 1% of the second part.

In the traditional method, the sign of phase current direction is used for inverter
nonlinearity calculation, which increases the calculation time. Moreover, the current
direction’s sign fluctuates around the zero-crossing point, resulting in clutter. Since the
ratio of i0 to the AC amplitude can affect the commutation angle of current, the relationship
between nonlinear voltage and current direction is converted into the ratio of i0 to the AC
component. Thus, the calculation of the nonlinear voltage can be simplified. The expression
for the second part of the dq0-axis nonlinear voltages can be written as:

Vderr2 = 2A
[
sgn(ia) cos θe + sgn(ib) cos

(
θe − 2π

3
)
+ sgn(ic) cos

(
θe +

2π
3
)]

Vqerr2 = −2A
[
sgn(ia) sin θe + sgn(ib) sin

(
θe − 2π

3
)
+ sgn(ic) cos

(
θe +

2π
3
)]

V0err2 = A[sgn(ia) + sgn(ib) + sgn(ic)]
(17)

where A is the nonlinearity amplitude, i.e.,

A =
1
3

[
(VDC −Vnl1)

tcom

Ts
+ Vnl2

]
(18)

Figure 4 shows the diagram of d-axis nonlinear voltage. During each cycle, the d-axis
nonlinear voltage periodically changes three times. Therefore, the equivalent value of the
d-axis nonlinear voltage can be obtained by integrating the non-zero waveforms between
αa and αb. αa is the electrical angle corresponding to the reverse moment of the A-phase
current. Therefore, in the calculation of αa, the current vector angle and the proportion of i0
in the AC component need to be considered. Equation (19) is the expression of αa.

αa = arcsin
i0√

i2d + i2q
− acrcos

id√
i2d + i2q

+
π

2
(19)

αb is the angle when phase current changes from negative to positive. Therefore, αb is

αb = αa + 2arccos
i0√

i2d + i2q
(20)

The angle while the phase A current is negative is

αc = 2arccos
i0√

i2d + i2q
(21)

Thus, the equivalent value of the d-axis nonlinear voltage can be calculated as follows

Vderr2 =
3A
π

∫ αb

αa

[
− cos θe + cos

(
θe −

2
3

π

)
+ cos

(
θe +

2
3

π

)]
dθe (22)

Solving Formula (22), we get

Vderr2 = −
6A sin θ|αb

αa

π
= A

6
π
(sin αa − sin αb) (23)

It should be noted that Figure 4 corresponds to the case that the d-axis current is
negative, and the angle of the current vector is not 0. When id = 0, the d-axis equivalent
nonlinearity voltage will be 0.
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Figure 5 shows the waveform of the q-axis nonlinear voltage. The q-axis nonlinear
voltage also varies three times in each electrical cycle. Therefore, the non-zero waveform
integral between αa and αb can be calculated to obtain the equivalent value of the q-axis
nonlinear voltage. As shown in Equation (24)

Vqerr2 = −3A
π

∫ αb

αa

[
− sin θe + sin

(
θe −

2
3

π

)
+ sin

(
θe +

2
3

π

)]
dθe (24)

By solving (24), the following equation can be obtained.

Vqerr2 = −
6A cos θ|αb

αa

π
= A

6
π
(cos αa − cos αb) (25)

Figure 6 shows the waveform of nonlinear voltage on 0-axis. The equivalent value of
the 0-axis nonlinear voltage is related to αc, as shown in (26).

V0err2 = 3A(1− αc/π), 0 ≤ αc ≤ π (26)
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3.3. Nonlinearity Compensation in Parameter Identification

The parameters of the inverter are shown in Table 2. The second part is dominant
in the inverter nonlinearity. αa, αb, αc are calculated from id, iq, i0. Thus, in the case of
harmonic suppression, this method can restore the actual voltage through the reference
voltage by using Equations (23), (25) and (26) for compensation, which can provide voltage
information for parameter identification.

The control system diagram, including inverter nonlinearity compensation, harmonic
suppression, and parameter identification, is shown in Figure 7. Firstly, the harmonic
suppression module provides voltage compensation for the harmonic current. Then, the
equivalent error caused by the inverter nonlinearity between the reference voltage and
the actual voltage is calculated by the nonlinear voltage calculation module. Finally, the
inductance and resistance parameters of the VFRM are obtained through the parameter
identification module.

Table 2. Parameters of inverter.

Parameters Value

Vce (Typical value) 2.6 V
Vd (Typical value) 3.2 V

Ton 15 ns
Toff 110 ns
td 2 µs

VDC 80 V
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4. Experimental Results

The experiments are carried out on the VFRM with zero-sequence current excitation
for verification. The parameters of the VFRM used in the experiments are shown in Table 3.
The photo of the experimental platform is shown in Figure 8. The controller used in the
experiment is dSPACE 1202. The VFRM is driven by an open winding inverter. The
experiment data are collected with a Yokogawa DL850W oscilloscope and dSPACE host.

Table 3. Parameters of VFRM.

Parameters Value Parameters Value

Poles of stator, Ns 6 Vary component of stator
inductance, Lδ

24 mH

Poles of rotor, Nr 4 Rated speed 1000 rpm
Phase resistance, Rs 3Ω Rated torque 0.5 Nm

Constant component of
stator inductance, Ls

30 mH Maximum current, imax 2 A
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4.1. Inverter Nonlinear Verification

A three-phase balanced R-L load is used in the experiment to validate the proposed
nonlinearity model. A regulated power supply powers the inverter in the experiment. The
supply voltage is stable and does not affect the calculation of the nonlinear voltage. Figure 9
shows the measured voltage and the calculated voltage. The reference voltage values are
ud (−15 V), uq (15 V), and u0 (5 V), respectively. As in Figure 9, the voltages obtained by the
two methods are in good agreement. Because of the influence of inverter nonlinearity, the
actual values of ud, uq, and u0 are smaller than their references in amplitude. Therefore, the
correctness of the nonlinearity analysis of the inverter is verified.
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Figure 9. Verification of open winding inverter nonlinearity model.

The saturated voltage drop of the inverter devices will be affected by the operating
conditions. Therefore, according to the datasheet of FGL40N120AND, the changes in
parameters caused by different operational conditions are compensated for.

4.2. Influence of Inverter Nonlinearity on Parameter Identification

The experiments before and after the nonlinearity compensation are carried out to
analyze the influence of inverter nonlinearity on parameter identification. Figure 10 shows
the voltages before and after compensation. Before 3 s, the nonlinearity is not considered,
and their values are 0. After 3 s, the inverter nonlinearity is calculated, and the reference
voltage is compensated for to obtain the actual voltage. After compensation, the d-axis
voltage does not change, and the q0-axis voltages decrease.
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Figure 11 shows parameter identification results based on the voltages before and
after nonlinearity compensation. When the reference voltage without compensation is
used, there is a significant deviation between the parameter identification results and the
nominal values in Table 3. Among them, Rs is twice of that without compensation, which
are 6 Ω and 3 Ω. The error of Rs mainly comes from u0err. Figure 10, the u0err is close to
u0. Therefore, the nonlinearity causes Rs to be doubled before and after compensation
according to (3). Moreover, Ls is only related to ud, iq, and ωe when id is 0. Since the d-axis
nonlinear voltage is 0, Ls does not change in Figure 12. Lδ is related to uq. When uq becomes
smaller, Lδ also becomes closer to the nominal value.
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Figure 12. Current waveforms (i0 changes). 
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Figure 13. Nonlinear voltage and its equivalent value (i0 changes). 

Figure 11. Results of parameter identification (nonlinearity compensation).

The inverter nonlinearity can also be affected by i0 and AC component ratio. A step
increase of i0 is implemented in the experiment to analyze this problem. Since the load torque
remains unchanged, iq decreases accordingly. Thus, the ratio between i0 and the AC component
becomes larger. Figure 12 shows the id, iq, i0, where id is 0. At about 2.7 s, i0 increases.
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Figure 12. Current waveforms (i0 changes).

Figure 13 shows the calculated nonlinear voltage and its equivalent value during
i0 changes. The zoomed waveforms after i0 changes are also shown in Figure 13. After
i0 increases, V0err increases, while iq and Vqerr decrease. Since id remains 0, Vderr does
not change. Figure 13 also shows the result of the nonlinear voltage passed through the
low-pass filter. The filtered waveform is consistent with the calculated equivalent nonlinear
voltage, which also verifies the accuracy of the proposed nonlinear voltage calculation
method. However, the low-pass filter cannot be used in the nonlinear voltage calculation
because of its computation burden and slow response speed.



Energies 2022, 15, 9287 13 of 16

Energies 2022, 15, x FOR PEER REVIEW 12 of 16 
 

 

0

2

4

6

8

10

0 1 2 3 4 5 6
15

20

25

30

35

Time(s)

R
e
si

st
a

n
c
e(
Ω

)

Rs

Ls

Lδ

In
d

u
c
ti

o
n

(m
H

)

id changes

 

Figure 11. Results of parameter identification (nonlinearity compensation). 

The inverter nonlinearity can also be affected by i0 and AC component ratio. A step 

increase of i0 is implemented in the experiment to analyze this problem. Since the load 

torque remains unchanged, iq decreases accordingly. Thus, the ratio between i0 and the 

AC component becomes larger. Figure 12 shows the id, iq, i0, where id is 0. At about 2.7 s, i0 

increases. 

Time(s)

C
u

rr
en

t(
A

)

id

iq

i0

0

1

1.5

2

0 1 2 3 4 5 6

1

2

i0 changes

 

Figure 12. Current waveforms (i0 changes). 

Figure 13 shows the calculated nonlinear voltage and its equivalent value during i0 

changes. The zoomed waveforms after i0 changes are also shown in Figure 13. After i0 

increases, V0err increases, while iq and Vqerr decrease. Since id remains 0, Vderr does not change. 

Figure 13 also shows the result of the nonlinear voltage passed through the low-pass filter. 

The filtered waveform is consistent with the calculated equivalent nonlinear voltage, 

which also verifies the accuracy of the proposed nonlinear voltage calculation method. 

However, the low-pass filter cannot be used in the nonlinear voltage calculation because 

of its computation burden and slow response speed. 

 10

 5

0

5

10

0

5

10

0 1 2 3 4 5 6

2

4

6

8

0 10 20 30 40 50

N
o
n

li
n

e
a
r 

v
o
lt

a
g
e 

(V
)

Time (s) Time (ms)

uqerr

uderr

u0err

Equivalent value

Equivalent value

Equivalent value

Zoom

Low pass filter value

Low pass filter value

 

Figure 13. Nonlinear voltage and its equivalent value (i0 changes). Figure 13. Nonlinear voltage and its equivalent value (i0 changes).

The reference, actual, and equivalent nonlinear voltages during the dynamic process
of i0 are shown in Figure 14. After the step change of i0, the equivalent nonlinearity of the
0-axis increases. Since iq decreases, the nonlinearity of the q-axis becomes smaller. At the
same time, the actual voltage also changes accordingly.

Parameter identification results while i0 changes are shown in Figure 15. The identifica-
tion results without nonlinearity compensation show a significant deviation. In comparison,
the results with compensation are closer to the nominal value. For example, before and after
the current changes, the identification accuracy of Rs is improved by about 106% and 123%. It
should be noted that Ls has no deviation because the nonlinear voltage error on d-axis is 0.
Therefore, the proposed method can improve the accuracy of parameter identification.
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According to the analysis in Section 3, the change of id can affect the nonlinearity of
an open winding inverter. To analyze this question, the reference of id is changed in the
experiment. Figure 16 shows the current waveforms before and after id changes. id changes
from 0 to −0.6 A around 2.4 s, while iq and i0 remain the same. Figure 17 shows the voltage
waveforms during the change of id. More specifically, ud and uq decrease, while u0 decreases
slightly. Among them, the decrease of uq is due to the change of id, and not to nonlinearity.
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The parameter identification results during id changes are shown in Figure 18. The
identification results without compensation show the deviation from the nominal value.
The results with compensation are closer to the nominal value during the current changes.
For instance, before and after the id changes, the identification accuracy of Lδ is improved
by about 14% and 19%, respectively. The effectiveness of the proposed method that can
improve the accuracy of parameter identification is validated.
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5. Conclusions

In this paper, the equivalent nonlinear voltage error model of an open winding inverter
for VFRM with zero-sequence current excitation is studied to improve the accuracy of
VFRM parameter identification. Firstly, the equivalent nonlinear dq0-axis voltage error
is derived. In this method, the dq0-axis currents are needed rather than the information
on the current directions and switching states. Secondly, the parameter identification
model of VFRM using the recursive least squares method is developed, where the input
voltages are the reference voltages that are compensated for by equivalent nonlinear voltage.
Finally, the experiment is implemented. The experimental results show that the dq0-axis
voltage errors are positively correlated with the magnitude of dq0-axis currents. Compared
with the parameter identification without voltage error compensation, the identification
error of resistance in the proposed parameter identification is reduced by 106%, and the
identification error of inductance is reduced by 14%.
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