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ABSTRACT Voltage-source-inverter (VSI) nonlinearity compensation is an important scheme for improve
motor performance. The traditional off-line method is cumbersome and the compensation effect is poor
because it does not simulate the real operation of the motor. To solve this problem, an on-line identification
method for compensating multiphase machine based on non-sinusoidal power supply is proposed in this
paper. First, a full order air-gap flux observer on harmonic plane was established. Then the voltage error is
estimated based on a model reference adaptive system (MRAS) and compensated to the given voltage. In the
process of identification, the adaptive law of dead-time voltage is designed, and a feedback gain matrix
satisfying Lyapunov stability is also designed. Finally, the feasibility and the effectiveness for harmonic
suppression of the proposed method are verified on an experimental platform of a seven-phase induction
motor platform.

INDEX TERMS Multiphase induction motor, non-sinusoidal power supply, MRAS, VSI nonlinearity,
air-gap flux orientation control (AFOC).

NOMENCLATURE d,q The axes of a rotation frame of refer-
] Rotation angle of the magnetic fields. ence by rotor flux orientation control
1) Electrical angular velocity. (RFOC).
v Flux linkage. x,y The axes of a rotation frame of refer-
B, Amplitude of flux density. ence by air-gap flux orientation
R, L Resistance and inductance. control (AFOC).
o Reciprocal of rotor time constant.
Pn Number of pole pair. I. INTRODUCTION
Ym Air-gap flux. Multiphase motor has become a hot research area with the
Subscripts development of modern industrial application. At present,
s, r Stator and rotor component. multiphase motor has been used in offshore wind power
sl Slip component. generation, rail transportation and ship electric propulsion
o leakage component. systems and so on [1], [2], [3]. The mainly reason is that,

compared with three-phase motors, multiphase motors have
the advantages of high reliability, large power density, and
more controllable degrees of freedom [4], [5], [6]. At the

The associate editor coordinating the review of this manuscript and same time, with the increase of phase number, more inverters
approving it for publication was Mauro Gaggero . are needed to drive the motors.
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The VSI nonlinearity problem is always an indispensable
part of motor drive control. It is mainly caused by the dead
time delay and the voltage drop of the insulated gate bipolar
transistor (IGBT). This phenomenon results in that the phase
voltage supplied to the motor differs from the given value.
Due to the existence of the voltage distortion, the control per-
formance of motor deteriorates, such as: distortionary param-
eter identification, harmonic current increasing, intensified
torque chattering and so on [7], [8], [9]. These adverse effects
are particularly significant when the motor is operating at
low speed. Therefore, VSI nonlinearity compensation plays
a great important part in motor control.

As for multiphase machine studied in this paper, its voltage
fluctuations at neutral points are affected by seven-phase
currents. It leads to the presence of higher harmonic voltages
rather than (6k £ 1)th order harmonic [10]. Third harmonic
current injection is widely used in multiphase motor con-
trol to improve torque performance [11], [12], [13], [14].
An accurate flux observer is of great help to multiphase
motors [14], [15]. However, voltage distortion has non-
ignorable influence on flux observer at low speed. There-
fore, the given voltage is badly in need of compensation for
seven-phase.

At present, the methods of VSI nonlinear compensa-
tion can be divided into two categories: off-line measure-
ment compensation and online identification compensation.
The off-line compensation method consists of look-up-table
(LUT) [16] and fitting curve [8], [17]. This kind of skills
is easy to understand but cumbersome in operation and not
universal. When the bus voltage or dead time was changed,
the off-line compensation method needs to be re-measured.
Online compensation methods also mainly include two kinds.
One of them is approximates off-line fitting curve compensa-
tion [18], [19], [20]. It can adjust the parameters of the fitting
function online to achieve that actual voltage is equal to given
voltage. However, these method did not take into account
voltage fluctuations at neutral points. The other approach is
to treat the VSI nonlinearity as a constant times the polar-
ity of the current under synchronous coordinate frame [21],
[22], [23]. Then, the constant can be estimated by Low-Pass
Filter, Kalman-Filter and current injection [24], [25], [26].
The method proposed in [24] can only used in PMSM
ig = 0 control. In [25], the estimated voltage error is fed
back only to the observer. It improves the accuracy of the
observer, but it has no suppression effect on harmonic cur-
rents. Though [26] reduced the harmonic current, additional
current injection will increase motor losses.

In this paper, a new VSI nonlinearity parameter identifi-
cation and compensation algorithm based on non-sinusoidal
power supply is proposed. Due to the harmonic injection
will provide the extra torque on harmonic plane for the
prototype, the advantages of this algorithm are particularly
obvious in the multiphase motor we studied. At the same time,
by using the degree of freedom of the harmonic plane, the
parameters of voltage error can be identified on the harmonic
plane with a MRAS and compensated to the given voltage.
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This identification method is mainly used to estimate speed
and other motor parameters [15], [27], [28], [29]. A new
adaptive law is designed for inverter voltage error identifi-
cation. If the feedback gain matrix is not considered during
the design process, the adaptive law cannot meet the stability
requirement [30]. Therefore a feedback gain matrix satisfying
Lyapunov stability is designed in this paper.

The outline of this paper is as follows. In section II,
we explained how the nonlinearity of VSI produce and estab-
lish the voltage error model of traditional method. Then,
we analyzed the shortcomings of the traditional model and
establish the VST model under synchronous coordinate frame.
In section III, we built a full-order flux observer for third har-
monic plane based on AFOC and identified the voltage error
by MRAS method. Moreover, in the process of error voltage
adaptive law calculation, we designed a set of feedback gain
matrix satisfying Lyapunov’s stability. Next, the algorithm
is validated on a self-designed seven-phase induction motor
experimental platform. Finally, the conclusion is drawn.
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FIGURE 1. Seven-phase IM drive system.
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Il. OFFLINE COMPENSATION METHOD

A. NONLINEARITY OF VSI MODEL

As shown in Fig.1, the switch signal Sy is O or 1. Take phase
A as an example, if iy, > 0 and S| = 1, the voltage between
A and ground is ug, = % — Viar, Where Vg, is the saturation
voltage of the active switch S1. If iy, > 0and §1 = 0, uy =
- % — V4 where, V is the forward voltage of the antiparallel
diode. In case of iy, < 0, the terminal voltage u,, = % +Vy
when §1 = 1. The voltage become —% + Vs Wwhen S turn
to 0. In general, the final form of the voltage can be expressed
as following [23]:

1 1 .
ttgo=Vae — Vsar +Va) <S1 - _> - E (Vsar + Va) sgn(ise)

2
(H
where sgn (iy,) is the sign function and defined as:
. 1, isa >0
sgn(isq) = { .m 2)
-1, ix<O

In addition, to prevent the short-circuit caused by the upper
and lower IGBT in the same leg being turned on at the same
time, a dead time delay is usually applied to ensure that the
IGBT is completely turned off before the another IGBT in
the same leg conduct. Fig.2 (a) displays the reference signal
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FIGURE 2. Diagram of output voltage waveforms.

of upper and lower IGBT in phase A. After the introduction
of dead time, S should be opened later and shut down in
advance with ‘2 Sg need to be shut down later and opened
in advance at the same sample time, as shown in Fig.2 (b).
In practice, the inverter on and off time needs to be taken into
account. When ig, > 0, the potential difference waveform
between point A and point N in a pulse width modulation
(PWM) cycle is shown in Fig.2 (c). Fig.2 (d) shows the
voltage waveform under i5, < 0.
After considering dead-time effect and IGBT on/off time
effect, A-phase voltage is expressed as follows:
T, 1

1
tgo=Vic — Vsar +Va) (FS - E) _5 (Vsar +Va) sgn(isa)
3

where: T, = T} — sgn(isq) (tdead + ton — t(,ﬁ'), T is the
sample time.

B. OFFLINE COMPENSATION METHOD

Usually, a manual measurement of single phase voltage error
method is used for feedforward compensating inverter volt-
age [8], [17]. The method is simple and easy to operate and
can meet most industrial needs. The error voltage can be
expressed as:

Ugerr = Mzn — Uan 4

The actual voltage of the phase A consists of the resistance
voltage, the inductance voltage and the back electromotive
force (EMF). The inductance voltage and the back EMF are
both zero, because the rotor of the motor is stationary and the
injecting current is direct current while using manual mea-
surement method. So the actual voltage of phase A is equal to
the voltage drop across the resistance. It is worth noting that
since the other phases have no current, the potential at point
N is equal to the potential at point O and both are 0. Thus,
Ugerr can be expressed as:

Ugerr = uzn — I5aRy (5)
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Fig.3 shows the voltammetry curve after injecting direct
current into a single phase. The other curve is the voltammetry
curve of error voltage derived from (5). Generally, there are
two kinds of off-line feed-forward compensation methods:
LUT and curve fitting.
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FIGURE 3. Phase voltage and phase voltage error measured with direct
current injection.

IIl. FLUX MODEL OF THIRD HARMONIC PLANE

For the multiphase induction motors, the third harmonic cur-
rent injection can improve the distribution of the motor air
gap flux, so that it could achieve increment of the torque den-
sity [31]. Furthermore, there are two mutually independent
coordinate planes are formed after PARK transformation with
third harmonic current injection. Fortunately, the extra plane
can also be used to identity voltage error.

A. HARMONIC CURRENT INJECTION SCHEME
According to the principle of linear superposition, the airgap
flux density can be expressed as:

By (t, 051, 053) = k1B [sin(0y1) + k3 sin(6y3)] (6)

where k; = % and k3 = é are the optimized proportionality
coefficients using genetic algorithm [14], [32].

In order to obtain better flux distribution, this paper adopt
a non-sinusoidal power supply control technique which is
based on airgap flux orientation [13]. The rms current is
reduced by 10.5% when the motor operates at rated load. The
given currents on the third harmonic plane are shown in (7a)
and (7b):

2
2 L\~ 2
ki ks L’"I\/lsdl + (1 - L,:) Lol

o3 = —— Y 7a
Isx3 3 L (X +7Y) (7a)
2
2 Ly 2
‘ k1k3 Lm]\/lsdl + (1 — Lﬂ') lsql -
RARE Lus (X +7) 0
Where:
X — _30)511Lr03
Rr3
Y — 9w§11Lr3Lr03 + R%
3ws1LnaRy3
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B. AIR-GAP FLUX MODEL ON THIRD HARMONIC PLANE
Because of the injection of the third harmonic current, the
third harmonic plane is formed which is independent of the
fundamental plane. As the harmonic plane is based on airgap
flux field orientation, x — y reference frame, its state equation
variables should be the currents and the airgap flux, which is
shown in:

x3 = M3x3 + N3us (3)
y3 = Csx3 ©
where
. . T
X3 = [lsx3 Lsy3 Ymx3 me3,]
T . . T
usz = [usx3 usy3] y Y3 = [lsx3 lsy3] s
mii —mj2 mi3 —mi4
M3 — mi2 mii mi4 mi3 ,
m31 —m32 m33 —m34
| m32 m3q ms34 ms3
_nu 0
_ 0 ni
N3 = 3 0|
| 0 n3y
L3 (a3Ly3 + Ry)
nii - )
LysLyo3 + Li3Lyo3
m L3Lyo3 (wgSS - a)r3) + wgs3ly3Lso3
12 = — s
Lm3LrU3 + Lr3Lsa3
a3Lly3 Lyzwys
mi3 = , Mig=— ,
Lm3LrU3 + Lr3Ls03 Lm3Lror3 + Lr3Ls03
ma| = Ly (@3Ly3Ls63 — Lro3Ry)
Ly3Lyo3 + Ly3Lgo3
Liy3Lyo3Lss3r3
mz; = — s
Lm3Lro3 + Lr3Lsa3
a3L;3Ls3
m33 = — s
LusLyo3 + Li3Lso3
m Wgs3ali3Lyo3 + Ly3Lgo3 (wgSS - 0)}’3)
34 = — ,
LiysLyo3 + Ly3Leos
L3 Li3Lyo3
nip = s n3p = ’
Liy3Lyo3 + Ly3Leos Ly3Lyo3 + Ly3Lso3
1 0 0 O
Cs = [o 1 0 o}

and w3 is the synchronous angular velocity of the air-gap
flux.

IV. ONLINE COMPENSATION METHOD USING THIRD
HARMONIC CURRENT INJECTION

In this section, the extra degrees of freedom on third harmonic
plane was used to identity the error of voltage and feedback
to the given voltage on synchronous coordinate frame. The
whole control block diagram of proposed online method is
shown in Fig.4. This method uses MRAS on the third har-
monic plane to estimate error voltage. Prior to this, the model
VSI nonlinearity on synchronous coordinate frame needs to
be rebuilt.

VOLUME 10, 2022

A. VSI NONLINEARITY MODEL ON SYNCHRONOUS
COORDINATE FRAME
The offline measurement method is simple, but when the bus
voltage or dead zone parameters need to be adjusted, the
compensation curve needs to be manually measured off-line
again. Moreover, manual measurement method injects direct
current into only one phase and assumes that the potential at
neutral point N, in Fig.1, is the same as point O. However,
when the motor is running normally, the N point potential
is affected by the current of each phase [23] and it is not
equal to 0.

As shown in Fig.1, after considering the voltage fluctuation
of N points, u,, # 0, the actual phase voltage is:

Uan = Ugo — Uno (10)
The phase voltage of the other phases is expressed in the
same way as phase A, which is expressed as following:
Ubn Upo
= — Uno (11
Ugn Ugo
In the case of symmetrical and stable operation of the
motor, the voltage fluctuation u,, can be derived from
(10) and (11).
Ugo + Ubo + Uco + Udo + Ueo + Ufp + Ugo

Upo = 7 (12)
1< 1
tno = (Vic — Vsar + Va) (7_Ts XX:;[TX - 5)
(Vsat + Va) i .
- ) sgnlisy) (13)
14 =
Substitute (3) into (12), then (13) can be obtain. According

to the given phase voltage: u), = Vg (TT{ - %) and by

combining (5), (10) and (13), the voltage error of phase A
inverter can be obtained as (14).

( (Vdc - Vsat + Vd) (tdead +ton— toﬁ) Vsat + Vd )
Ugerr = +

T, 2

g
X (Sgn(im) - % Z sgn(isy ))
x=a

(Vsat - Vd ) %

+ Vdc Ugn
Due to V. is much larger than (Vs — V), the second
term in (14) can be neglected normally [25]. So (14) can be

simplified as:

(14)

Ugery = ”67” (6sgn(isa) — sgn(isy) — sgn(isc) — sgn(isa)
— sgn(ige) — sgn(isr) — sgn(isg))  (15)
where:
Hopy 2 <(Vdc = Var + Vd)T(tdead + ton — tof)
s

+ (Vsat;’ Vd)) )
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It can be seen that u,, is mainly influenced by Vi
and t4eqd -

According to (15), when seven-phase sinusoidal current
is injected into the seven-phase induction motor, the volt-
age error generated by the inverter of phase A is shown in
the Fig.5.

Fig.6 illustrates that VSI nonlinearity will bring (14k +n)th
order harmonic voltage to the system, where k is a non-
negative integer, and n = 1, 3, 5 [10]. Correspondently,
these harmonic voltages produce harmonic currents. Based
on the characteristics of the seven-phase motor, the third
harmonic and fifth harmonic currents are controllable. So that
ninth harmonics, eleventh harmonics and thirteenth harmon-
ics become the main suppression object of inverter compen-
sation algorithm.
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The inverter nonlinearity model of seven-phase platform
can be extended from (15).

Uerr = UerrC78g0(Esap) (16)
where:
Uerr = [uaerr ugerr]T v s = [isa isg]T >
6 -1 -1 -1 -1 -1 -1
—1 6 -1 -1 -1 -1 -1
1 -1 -1 6 -1 -1 -1 -1
C;==-1-1 -1 —1 6 -1 -1 -1
l-1 =1 -1 =1 6 -1 -1
-1 -1 -1 -1 -1 6 —1
_—1 -1 -1 -1 -1 -1 6 |

Usually, IMs is analyzed under synchronous rotation
frame. Therefore, the VSI nonlinearity model can be calcu-
lated from (16).

Usdlerr _fdl
Usqlerr | __ fql
=u 17
Usx3err “r Se3 (17
Usy3err _fy3
where:
;d 1 [ sgn(isa)
fq; =T (91, Om3)
X
fy3 | Sgn(isg)

and T (6y1, O,3) is represents the Park transformation. It is
noticed that fifth harmonic variables are not listed, because
fifth harmonic current was controlled to zero.

B. DESIGN OF ADAPTIVE LAW

Once VSI nonlinearity is taken into consideration, the actual
machine model in rotating reference frame on third harmonic

plane can be written as:
X3 =M3x3+ N3 (u§ - u3err) (18)

VOLUME 10, 2022
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where: ui = [ufs u;‘y3]T, are the given voltage of
xy axis respectively on the harmonic plane, u3., =
[tsx3err usyge,,]T are the real error voltage of xy axis.

In fact, the actual error voltage can not be obtained. Thus,
uerr needs to be estimated. After introducing the estimates,

the observer state equation is obtained as follows:
X3 = Msk; + N3 (u} — @3err) + G3 (y3 — C3%3)  (19)

where G3 is the feedback gain matrix.
Substituting the estimation parameters into the observer
state equation and error state equation can be obtained.

e3 = (M3 — G3C3) e3 — N3Auze, (20)

where: e3 =x3 — X3, AU3err = Allorr [fx3 fy3]T
Altery = Uerr — Uerr.

A positive definite Lyapunov function which is containing
parameter error space can be constructed [27], [28], [30]:

| Y
V=—-elPe+t 3“ (err — fler)” P eR™* (21)

2
where: P is a symmetric positive definite matrix.
The derivative of the Lyapunov function (21) becomes:

o1
V= 3e" <(M3 —G;C)TP+P M5 — G3C1))e

d
— eTPNS Allerr — AyAlterr % (22)

According to the Lyapunov stability theorem, a sufficient
condition for the asymptotic stability of the estimator is that
the candidate function V must be decreased while the error is
not zero [28], [30]. Therefore, the first-order time derivative
of (21) must be negative when e # 0. MggTP +PM 3, can be
guaranteed to be negative definite matrix through the design
of Gz and P (M3, = M3 — G3C). Generally, P is assumed
to be the identity matrix, so that the gain matrix needs to
be designed which will be discussed in the next part. If the
gain matrix is properly designed, the Lyapunov condition will
eventually be satisfied, if the sum of the last two terms in (22)
is zero as:

di

—¢"PN3 Ay — quue,,% —0 (23)

Since the flux can not be measured, the estimated error of

the flux can be ignored, which would not affect the stability

in practice [29]. By substituting (17), into (23), the adaptation
law can be described by:

ditery _ Ly (eisx3fx3 + eisy?xfy_’»)
dt Au (Lm3Lra3 + Lr3an3)

(24)

C. DESIGN OF GAIN MATRIX

If the feedback gain matrix is not designed, the coefficient
matrix of the first term in (22) cannot be guaranteed to be
a negative definite matrix. It means that the above adaptive
law (24) cannot satisfy the asymptotic stability defined by
Lyapunov. Therefore, the gain matrix need to be designed
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according to Lyapunov theory. The design of feedback matrix
becomes the requirement of this paper.

T
Gy — [ g &£ g g4} 25)
—82 81 —8&4 83

We assumed that:
M3,"P +PM;3, = Q (26)

Obviously, is a fourth order real symmetric matrix. |Qn|
represents leading principal minor of Q, where n = 1, 2, 3, 4.
Substituting (25) into (26) can we obtain:

10| =20m11 —g1)
Q| =4 (m11 — g1)?
|03 =2 (m11 — g1) (4 (m11 — g1) m33

(27a)
27b)

—(m13+m31—g3)2—(m32—m14—g4)2) (27¢)
|04 = (4 (m11—g1) m33 — (mi3+m31 —g3)*

2
— (m2—mia—ga)?) 27d)

In order to the satisfy Lyapunov stability theorem, Q3 must
be a negative definite matrix. G3, a necessary not sufficient
condition for the stability is easy to be designed as:

g1 =26
& =0
g3 = mi3 +m3
84 = M3y — M4

where § > 0.

7-Phase s

. [, Controller 71

FIGURE 7. Seven-phase experimental system.

V. EXPERIMENT AND EVALUATION

A. EXPERIMENTAL SYSTEM SETUP

The proposed algorithm is validated on a seven-phase induc-
tion motor experimental platform. Fig.7 displays the com-
plete experimental platform, which is composed of DC power
supply, dSPACE-1005 controller, multiphase VSI and alter-
nating current servo load. The multi-phase VSI is constructed
by several groups of IGBT device, filter capacitors, current
and voltage sensors, etc. In particular, the IGBT model is
the INFINEON FF150R12ME3G. The sampling frequency
of the platform is 10 kHz, and the dead time is set to 3 us to
ensure the safety of the system. Table 1 and Table 2 exhibit
all parameters of the self-designed squirrel-cage seven-phase
induction motor.
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Vge = 400V.

TABLE 1. Main parameters of the prototype.

Parameters category Notation Value
Pole pair number Pn 2
Rated voltage (RMS) - 110V
Rated current (RMS) - 8.5 A
Rated speed - 1460 rpm
Rated torque - 35N-m
TABLE 2. Parameters of each plane.
Parameters category 15Tplane 37dplane  57"plane
Magnetizing inductance 129.8 mH 15.3 mH 5.9mH
Stator leakage inductance 6.5 mH 4.2 mH 3.9 mH
Rotor leakage inductance 6.0 mH 3.5 mH 3.2 mH
Stator resistance 0.51Q 0.51Q 051 Q
Rotor resistance 0.39 Q 0.33Q 031 Q

B. COMPARISON OF ONLINE ADAPTIVE METHODS
If the motor is running at high speed, the phase voltage of
the motor is very large. At this point, the voltage distortion
generated by the VSI has little effect on motor performance,
or even can be ignored. However, when the motor speed
is lower, the dead-time effect is more obvious. Thus, all
experiments were carried out at 2% of rated speed.

In order to verify the superiority of the proposed method in
parameter identification performance, the proposed method
is compared with the traditional MRAS method which is

103236

TABLE 3. Comparison of reference value and estimates.

Bus Voltage and Reference  Estimated  Estimate
Dead Time Value Value Deviation
100 V 428V 395V 7.7%
3 ps 200V 6.88 V 6.54V 4.9%
400 V 12.08 V 11.52V 4.6%
3 us 12.08 V 11.52V 4.6%
400 V 4 us 16.08 V 1525V 5.1%
6 s 24.08 V 2272V 5.6%

described in detail in the Appendix. The seven-phase machine
runs steadily at 30 rpm and rated-load condition. The algo-
rithm starts at 0.5 s. Fig.8 (a) exhibits that u,, estimated
by traditional method can converge to 6.34 V and 2.49 V
when the bus voltage is set 200 V and 100 V respectively.
When the bus voltage up to 400 V, traditional method has
poor performance. It can not converge to a constant. At V. =
400 V, when the deadtime is set to 6 us, the system crashed
after 1 second, which is illustrated in Fig.8 (b).

However, the proposed method can operate stably under all
the above conditions and can converge stably to a constant.
In Fig.9 (a), the estimated error voltage converges to 3.95 V
when the bus voltage is 100 V. When V. increase to 200 V,
400 V respectively, ito,r become 6.54 V and 11.52 V after 1 s.
In Fig.9 (b), it can be seen that when ?4.,4 is adjusted to 4 us
and 6 us under V4. = 400V, estimated value of voltage error
converge to 15.25 V and 22.72 'V correspondingly.
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According to the IGBT parameters from data sheet, the
reference value of u., can be calculated, which is list in
Table 3. It can be seen that, under above conditions, the
deviation between the estimated value and the reference value
is about 5%. The errors are sufficient for most industry appli-
cations. Therefore, the evaluation of the proposed method is
reliable.

C. ESTIMATE OF lie;r AT VARIOUS CONDITIONS

During the actual operation, the system load is usually
changed. In order to test the performance of the pro-
posed algorithm in practical applications, the load varia-
tion experiments are given in Fig.10. Fig.10 (a) shows the
running state of the motor. The load is reduced to half at
around 0.8 s and increased to full load at 2 s. The motor
speed also varies with the load. However, the VSI non-
linear identified by the proposed method does not change
much. The fluctuation factor of ., is 5.1% which is shown
as Fig.10 (b).
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As we all know, the long-term operation will result in the
temperature increasing of the motor and the winding resis-
tance will change. Therefore, this paper also shows the perfor-
mance of the proposed algorithm when the actual parameters
of the motor deviate from the control parameters. Fig.11
shows the VSI error identification curve when resistance
deviation occurs in the proposed method. In Fig.11, Ry is
the reference in the control system, and Ry, is the actual
value. When the reference resistance is 20% greater than the
actual resistance, the estimate of u,,,, will be an about 6.5%
reduction. Otherwise, when the reference resistance is 20%
smaller than the actual resistance, the estimate of u,,, will
rise about 6.7%. It can be seen that the proposed method is
affected by the variation of motor parameters. The reason is
that the proposed method is based on the model of the air-gap
flux observer. When the model itself has errors, the parameter
identification results will also produce errors.
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D. COMPARATIVE EXPERIMENT OF

COMPENSATION EFFECT

The dead-time effect of seven-phase IGBTs mainly produce
(14+£n)th order harmonic current. Therefore, the performance
of proposed method is mainly reflected in the suppression
of these harmonics. As third harmonic is injected actively,
third harmonic would be much larger than other harmonics.
Itleads to the the value of total harmonic distortion (THD) can
not reflect the advantage of the algorithm. Thus, a selective
harmonic distortions (SHD) was adopted, which is defined as:

VBRI 4+ 1+ 1y
I
where [ is the magnitude of the kth order harmonic [33].

In Fig.12, Fig.13, Fig.14 and Fig.15 the prototype was
operated with a rated load and 30 rpm. The bus voltage
is 400 V, and dead time is adjusted to 3 us. Fig.12 (a) displays
the current of phase A without using any VSI nonlinearity
compensation. It can be seen that the current has obvious dis-
tortion near zero point which is caused by the inverter dead-
time effect. After FFT analysis of the current, the SHD =
4.95% when there is no compensation for the drive system
as shown in Fig.12 (b). It is worth noting that the 9th and
11th order harmonics dominate. These high order harmonics
increase the loss of the motor and greatly harm the perfor-
mance of the motor.

As for Fig.13 (a), when the offline feedforward method
was adopted, the current distortion has been little improved
on the zero crossing point. The value of SHD decrease to
3.22%, which is shown as Fig.13 (b). Among them, there has
been a noticeable decrease in 9th and 11th order harmonics.
In Fig.14, after using the traditional MRAS method, as the
compensation voltage is higher than the required voltage,
the zero crossing of the current curve is not smooth. Fortu-
nately, its SHD decrease to 2.55%. The zero current clamping

SHD [%] = (28)
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phenomenon is almost eliminated which is shown as
Fig.15 (a). Moreover, the harmonic content decreases more
significantly, SHD = 2.43%. These experiments are enough
to conclude that the proposed method not only can adapt to
various operating conditions, but also has obvious advantages
in harmonic suppression.

VI. CONCLUSION

Non-sinusoidal power supply is a significant application for
multiphase motors. In this paper, a VSI nonlinearity identifi-
cation method based on third harmonic injection is proposed.
In addition, this method utilizes third harmonic plane only,
and the fundamental plane can be used for other parameter
estimation purposes. In order to make the adaptive law of
voltage error stable, we designed a feedback gain matrix
of a full-order air-gap flux observer. Based on the above
algorithm, a series of experiments are carried out on a seven-
phase induction motor. By comparing the estimated values
with the reference values which is calculated from IGBT data
sheet, the errors are satisfactory under different conditions.
It is important to note that the accuracy of the estimates is
affected by parameters of the flux observer, especially the
stator resistance. Finally, the proposed method can not only
estimate the reliable voltage error of the inverter, but also
effectively reduce the SHD.

APPENDIX

In this Appendix, the traditional VSI nonlinearity estimation
method mentioned in the experiment is given [22], [23].
In [22], the authors obtained the VSI error by direct calcu-
lation which is expressed as:

s — 3
f_‘y

The actual voltage of the motor can be calculated from

the flux equation and voltage equation. Then, (A1) can be

(AD)

Uerr =
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053Lr3fy

The denominator of (A2) contains fy, and f; is close to
zero, so that the perturbation of f; is going to be amplified
in the estimation. A low pass filter is used to reduce this
disturbance [22], but the effect is not obvious. Therefore, after
two years, they optimized the perturbation of the estimated
value by using MRAS [23]. As for the induction machine
in this article, there are two types of air-gap flux observer,
voltage model and current model. For the current model
does not contain voltage variables, it is used as the reference
model.

Li3Lyo3 (a)r3 - wg53)i (A3)
sy3

1/fmx3 = Li3isx3 +
asl,3

On the other hand, voltage model is regarded as adaptive
model which is expressed as (A4). It is noticed that these two
models are steady-state mathematical models of air-gap flux.

u;‘y3 - i‘errfy3 - Rsisy3

K&mxS = — L3053 (A4)

Wgs3
The u.,» can be estimated by the error of the two air-gap
fluxes.
N kys + ki N
Uerr = % <¢mx3 - wmx3>

Fig.16 shows the block diagram of traditional MRAS
method.

(AS5)
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