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Design and Sensorless Control of a Novel Axial-Flux
Permanent Magnet Machine for In-Wheel
Applications

Xiang Luo, Shuangxia Niu, and W. N. Fu

Abstract—This paper proposes an axial-flux-modulation perma-
nent magnet (PM) machine and its sensorless control strategy for
in-wheel application in electrical vehicles. A Vernier structure is
integrated with the axial-flux PM machine to include the mag-
netic gear effect and improve output torque. The sensorless control
strategy of the proposed machine, including initial rotor position
estimation and rotating position estimation, is proposed for flux-
modulation motors in this paper. The initial rotor position estima-
tion is based on the technique of rectangular pulse voltage injection
and the rotating rotor position estimation is based on the sliding
mode observer (SMO). The saturation effect on inductances, which
is the theoretical basis of the rectangular pulse voltage injection,
makes the stator parameter variation in different loads and affects
the SMO estimation. To overcome this problem, a novel online pa-
rameter self-adjustment procedure for the SMO is introduced. The
machine design and its sensorless control performance are verified
by simulation and prototype experiments.

Index Terms—Axial flux permanent magnet (PM) machine,
inductance saturation effect, initial rotor position, parameter
self-adjustment, sliding mode observer (SMO), Vernier structure.

1. INTRODUCTION

XIAL-FLUX permanent magnet (PM) machines are

widely used in electrical vehicles as their high power
density and high efficiency [1], [2]. They are very suitable to
be mounted in wheels of electric vehicles or hybrid electric
vehicles for direct drives due to their compact structure and
short axial length. In this paper, a Vernier structure is integrated
with the axial-flux PM machine to include the flux-modulation
effect, which contributes to improve output torque for the in-
wheel drives [3]. The proposed axial-flux Vernier PM direct-
drive machine (AFVPMM) is especially suitable for in-wheel
applications because its stator windings have a fractional slot
concentrated distribution and phase inductance is increased ac-
cordingly. The bigger inductance is relatively easy to be cal-
culated and helps to improve the flux weakening capability of
machine [4].
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Fig. 1. Structure of the proposed machine.

For in-wheel applications, motors always suffer from the poor
operating environments and the limitation of installation space,
which cause the position sensors such as optical encoders or
resolvers not suitable to be installed in limited space. In this
paper, the sensorless control strategy of the proposed machine
is presented. In order to accurately estimate the initial rotor po-
sition of the proposed AFVPMM, an improved pulse voltage
vector injection strategy is proposed. The response currents of
the injected pulse voltage are different from each other due to
the difference of the magnetic saturation caused by the mag-
netic saliency [5]. The voltage vector angle is required to be
divided continuously for high-precision so that larger angle er-
rors can be reduced to a certain value. The rotating position
estimation is based on the sliding mode observer (SMO), which
has been proved as one of the most effective estimation method
for traditional PM synchronous machines [6]-[11]. The mag-
netic saturation effect helps to evaluate the initial rotor position,
but affects the SMO estimation due to the variation of the stator
parameters in different loads. In this paper, an iterative stator
self-adjustment procedure is introduced to solve the parameter
change problem. The proposed motor design and its sensorless
control strategy are verified by the simulation and experimental
results.

II. PROPOSED MACHINE AND ANALYSIS
A. Proposed Machine

As shown in Fig. 1, in order to improve the torque density,
dual-rotor structure is used in the proposed AFVPMM. The ma-
chine has two air gaps, 23 pole pairs of surface mounted PMs on
the two sides of the rotor, 4 pole-pair, 9 slot winding armatures
with 27 stator teeth in the stator. The rated speed of the machine
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TABLE I
SPECIFICATIONS OF THE PROPOSED AFVPMM

Parameter Value
Input voltage (V) 155
Rated torque (Nm) 8
Rated speed (rpm) 400
Outer diameter of stator and rotor (mm) 60
Inner diameter of rotor (mm) 20
Inner diameter of stator (mm) 35
Stator thickness (mm) 50
Axial length of rotor PMs (mm) 25
PM thickness (mm)Air-gap length (mm) 31
Turn number per phase 45
Rotor pole-pair number 23
Stator pole-pair number 4
Stator fake tooth number 27

is 400 rpm and rated torque is 8 Nm. A significant improvement
in the flux weakening capability can be achieved by employing
fractional slot concentrated windings [4]. So the combination
of 8 poles / 9 slots fractional slot concentrated winding is used
in the proposed machine. Table I lists the specifications of the
proposed AFVPMM. Compared with conventional radial flux
machines, although the manufacturing and the material cost is
relatively high, the torque density can be improved.

The modulation effect is integrated to the machine with the
fake teeth on both sides of the stator. The flux made by the stator
armature winding whose pole-pair number is 4 is modulated by
the 27 stator fake teeth, the 23 pole-pair harmonic becomes
the main flux component, which equals to the rotor pole-pair
number. The modulated stator flux and the PM flux interacts in
the airgap so that the proposed machine works. This working
principle is as the same as the magnetic gears [12], and the ratio
G, for speed and torque is given by

|ps - Né|
Ps

where N is the number of flux-modulation fake tooth poles and
ps is the number of armature winding pole-pairs. In this paper,
Ny = 27 and p, = 4. The stator flux rotating speed ws, rotor
speed w, have the relationship as

G, = —ws/w, = —23/4.

G, = ey

@

This means that the rotor speed is only 4/23 of that in the con-
ventional machine with the same number of armature winding
poles, but the rotor rotates in an opposite direction.

B. Finite Element Model (FEM) Analysis

The 3-D FEM is used to analyze the proposed AFVPMM.
Fig. 2(a) shows the FFT analysis results of the magnetic flux
density in the airgap. It can be seen that the 23 pole-pair num-
ber component is the main one and significantly higher than
the other flux density components. Fig. 2(b) shows the no-load
back EMF at rated speed which is used to verify the machine
design. Fig. 2(c) shows the electromagnetic torque versus angle
characteristics of the proposed machine. The result shows a fine
sinusoidal output and small harmonic contents. Fig. 2(d) shows
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Fig. 2. FEM analysis results. (a) FFT result of the flux density in the air gap.

(b) No-load back EMF at 400 rpm. (c) Electromagnetic torque versus angle
characteristic. (d) Phase-A self-inductance.

V=0 ’
—2 5 Inverse |V, 4 SVPIM Signal
v, Park o tor ] [nverter
— > Transfer et
0,
1y
« / park | Las Clarke a
«=L ] Transfer Transfer
(@) (b)
Fig. 3. Initial position estimation for the proposed machine. (a) Estimation

diagram. (b) Voltage vectors.

the inductance value of phase A under different loads. The result
shows significant variation of the inductance value. When cur-
rent increases, the inductance of phase A tends to be saturated,
which causes the variation of inductance, which indicates the
necessity to find improved sensorless control strategy for the
proposed machine.

III. SENSORLESS CONTROL STRATEGY
A. Initial Position Estimation

As shown in Fig. 2(d), the inductance changes when the stator
current changes, which proves the magnetic saturation effect
on the proposed machine. When the rotor holds still, the d-
axis inductance will smaller than the g-axis inductance when
the current is large. If rectangular pulse voltage injected into
the machine with different vector direction, different feedback
currents are received. Fig. 3(a) shows the initial rotor position
estimation diagram.

Fig. 3(b) shows the sketch map of the directions of the pulse
voltage vectors. In the sketch map, 16 distinct voltage vectors
are injected into the motor in numerical order. In this paper,
64 distinct vectors are selected in the same way for accuracy.



Each voltage vector has the interval of 5.625° electrical degrees
and retains the same action time. The current response of each
voltage vector is calculated and the subtraction result of the
opposite vector is recorded. The maximum subtraction result
represents the pair of the vectors are on the d-axis and the
minimum result represents the g-axis.

B. Rotating Position Estimation

The o — 3 axis voltage equations of the stator can be de-
scribed by the following equations:

di] TR
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where i, 3 and v, 3 represent the current and voltage for each
axis, eq1,51 and ey2 g represent the back electromotive force
related by the two rotors, and R and L represent the stator resis-
tance and inductance. The electromotive force for each side can
be represented in the stationary frame as

Cax o )‘497‘ G’rwr 0 sin 0 (4)
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where z = 1, 2 represent the two rotors, A, is the magnetic flux
created by the PMs in the rotor modulated by the stator tooth; and
0 is the stator rotating flux position. As the back EMFs contain
the position information, a SMO is used to estimate the rotating
flux position. According to the voltage balance equation, the
SMO based estimation equation is

diy, -R 3 1
a | _ 1z e T e
@ 0 ;R _%H 0 l ]
7t L L
1 —
-= 0 kZ (in
|z 1 (7«) )
0 —= kZ (Zﬁ)
I ]

where the symbol “*” represents the estimated value, 7, = iy —
is, in which subscript s represents o and 3 and k is the sliding
mode gain value. The switching function Z ( s ) is used to change
the estimation system states to ensure that the estimation process
is on the sliding surface, which is represented as

Z(is) =2/(14+e7) 1. (6)

Considering the stator parameter change, the R and L can
be changed to R and L in Eq. (5), which represents the esti-
mated value of real changed stator resistance and inductance.
The iterative parameter self-adjustment procedure of the SMO
can be derived during the stability analysis. The stability of
the proposed SMO can be proved by the Lyapunov function

analysis. Define S, = [S, Sy]7,inwhich S, =i, = iy — iq,
Sp =i =1 — ig. Defining A = 1/L for simplification, the
extended Lyapunov function used to find the sliding condition

and parameter self-adjustment can be expressed as

2S,TS,ML (A A) +%<R—R>2. (7)

From the Lyapunov stability theorem, the sliding mode con-
dition can be derived to satisfy the condition that dV/dt < 0 for
V' > 0. The derivative of Vis

av
dt

The derivatives of the estimated phase current is

(R - R) dR (8)
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where s represents « and /3. By substituting (9) to (8), the sliding
condition can be represented as
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To satisfy the condition of (10), it can be decomposed into
three parts as follows:
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From the condition used to satisfy (11) and (12), the estima-
tions of the stator inductance and resistance are obtained as

dA

dt
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Fig. 4. Sensorless control strategy block diagram of the AFVPMM.

According to (14), A can be derived by an initial value of R.
After A finishes its estimation, R can be derived by A according
to (15).

To satisfy the inequation (13), the value of the SMO gain
k should satisfy k& > MAX(% e, |, £|es]). When estimated in-
ductance L is close to the real value L, the equation can be
simplified as & > MAX(|e.|, |es]).

The rotating position estimation is concluded as follows:

o = —RAI, + AV, — kAZ(ia)
is = —RAis + AV, — kAZ(is)
ba = kZ(in)
és = kZ(ip)
dA ~ 2 ~ ~
NIRRT
— Vg o — Vs g (16)
dR S YT
o :A( oza+zﬁ~zﬁ).

C. Sensorless Control Strategy

The whole sensorless control strategy is proposed as shown
in Fig. 4. After the estimation of the initial rotor position, the
I/F control scheme is used for starting and low speed operation
of AFVPMM. When the speed of the motor reaches a certain
frequency, the SMO are integrated and used as the position
feedback of the machine.

IV. EXPERIMENTAL RESULTS

The proposed machine and the experimental setup are shown
in Fig. 5. The machine is connected with a 1.5 kW separately
excited DC motor which is used as prime movers in back-EMF
measurement and as load in the control experiments.

The measured back-EMF at the rated speed is shown in Fig. 6,
the line back-EMF peak-peak voltage is 62V, which agrees with
the simulation result shown in Fig. 2(b). The sensorless control
experiment results are shown in Fig. 7. The initial rotor position
procedure is shown in Fig. 7(a) and (b). In Fig. 7(a), the current
feedback of phase A is recorded, and the calculation result of

Fig. 5.

Experimental system. (a) Proposed machine. (b) Controller.
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Fig. 6. Measured no-load back-EMF at the rated speed.
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Fig. 7. Measured sensorless control results. (a) Phase-A current response at
initial rotor position estimation. (b) Calculated I; subtraction result at initial
rotor position estimation.
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Fig. 8. Heavy load SMO based sensorless control at rated speed. (a) Without

parameter self-adjustment. (b) With parameter self-adjustment.

the I subtraction is shown in Fig. 7(b). The voltage injection
order is discussed in Section III, Part A. It can be seen from the
picture that the 32 subtraction results are essentially sinusoidal,
the minimum result is close to zero which indicates the g-axis
direction and the maximum result indicates the d-axis.
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The SMO based rotating estimate results at the rated speed
are shown in Fig. 8(a) and (b). Fig. 8(a) and (b) shows the results
without/with parameter estimation, separately. It can be seen in
Fig. 8(a), the estimation error is significant. With the iterative
parameter self-adjustment procedure, the error of the estimation
in Fig. 8(b), is very small. Fig. 9 shows the flux weakening
results of the proposed machine. Thanks to the fractional slot
concentrated winding connection, the machine can get 3 times
of the rated speed.

V. CONCLUSION

The proposed novel AFVPMM shows its good flux weaken-
ing performance and high torque density which are verified by
the simulation results and experimental results. The sensorless
control strategy including standstill initial positon estimation
and SMO based parameter self-adjustment rotating position es-
timation is also proposed in the paper. The control strategy of
the machine is verified by the experiments.
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