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Abstract: In this paper, a new sensorless control scheme with the injection of a high-frequency
square-wave voltage of an interior permanent-magnet synchronous motor (IPMSM) at low- and
zero-speed operation is proposed. Conventional schemes may face the problems of obvious current
sampling noise and slow identification in the process of magnetic polarity detection at zero speed
operation, and the effects of inverter voltage error on the rotor position estimation accuracy at low
speed operation. Based on the principle analysis of d-axis magnetic circuit characteristics, a method
for determining the direction of magnetic polarity of d-axis two-opposite DC voltage offset by
uninterruptible square-wave injection is proposed, which is fast in convergence rate of magnetic
polarity detection and more distinct. In addition, the strategy injects a two-opposite high-frequency
square-wave voltage vectors other than the one voltage vector into the estimated synchronous
reference frame (SRF), which can reduce the effects of inverter voltage error on the rotor position
estimation accuracy. With this approach, low-pass filter (LPF) and band-pass filter (BPF), which are
used to obtain the fundamental current component and high-frequency current response with rotor
position information respectively in the conventional sensorless control, are removed to simplify
the signal process for estimating the rotor position and further improve control bandwidth. Finally,
the experimental results on an IPMSM drive platform indicate that the rotor position with good
steady state and dynamic performance can be obtained accurately at low-and zero-speed operation
with the sensorless control strategy.

Keywords: sensorless control; high frequency square-wave voltage; interior permanent-magnet
synchronous motor (IPMSM); magnetic polarity detection; rotor position estimation

1. Introduction

Permanent-magnet synchronous motors (PMSMs) have been widely applied in industrial
fields [1-4] for the excellent features of high reliability, high efficiency, high torque density, good
dynamic performance, etc. According to the structure of the permanent magnet of the rotor, the PMSM
can be divided into interior permanent-magnet synchronous motor (IPMSM) and surface-mounted
permanent-magnet synchronous motor (SPMSM). Compared with the SPMSM, the IPMSMs have
attracted much attention in industrial fields recently due to their greatly improved overload capacity,
power density and speed regulation range, which ascribes to the permanent magnet of the IPMSM is
located inside the rotor.

To take advantage of these features, the information of rotor position acquired generally by the
mechanical sensors, i.e., resolver or encoder, is necessarily required when the field-oriented control
(FOC) scheme [5,6] is adopted. However, these mechanical sensors [7,8] mounted on the shaft of a
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PMSM bring several disadvantages such as extra cost, extra volume, low reliability, etc. In order to
overcome these disadvantages, various kinds of position-sensorless control strategies that estimate the
rotor position information without a mechanical sensor have been proposed in past decades [9-12].
Conventional sensorless control methods are mainly divided into two groups: (1) For medium- to
high-speed operation, the schemes based on the estimation of back electromotive force (EMF), which
contains the position information, (2) for low-speed operation, usually under 5% of the rated speed,
the schemes based on the machine saliency injects an additional high-frequency (HF) signal to the
PMSM which generates a response containing information of the rotor position.

This paper investigates the position-sensorless control strategy using the HF signal injection
method in the low- and zero-speed operation, and according to the types of the injected HF signals,
the signal can be mainly divided into rotating sinusoidal voltage injection (RSVI) [13], pulsating
sinusoidal voltage injection (PSVI) [14], and pulsating square-wave voltage injection (PUVI) [15].
The first HF rotating sinusoidal voltage injection method was proposed by Lorenz R.D in the early time,
and in this method, the balanced rotating voltage signals were injected into the stationary reference
frame (SRF) and then the induced currents were extracted to obtain the rotor position information.
However, this method injects an additional HF voltage into the SRF system, which will lead to the
torque ripple caused by the fluctuation of g-axis current. Moreover, the saliency will be reduced under
heavy load and the detection accuracy will be worse due to the magnetic saturation effect. For the
improvement of the RSVI, pulsating sinusoidal voltage injection and pulsating square-wave voltage
injection are proposed, which inject HF voltages in the estimated d-axis of the rotational reference
frame (RRF) other than the SRE. To overcome these problems, a PSVI method [16] injects HF voltage
into the estimated d-axis reference frame. Similar to RSVI method, the injection voltage frequency
of PSVI method is usually about 1/10 of the carrier frequency. Therefore, this method should use
low-pass filter (LPF) and band-pass filter (BPF) to separate the fundamental current component and
HF currents, respectively, which decreases the control bandwidth and the dynamic performance.
To improve the dynamic performance, reference [17] proposed the PUVI method, in which the HF
square-wave injected into the estimated d-axis and increased the frequency of the injected signal as
high as possible to the pulse width modulation (PWM) carrier frequency. Since the frequency of the
injected HF square-wave voltage signal is much higher than the cut-off frequency of current loop,
the LPFs in the current feedback loop can be omitted [18], which improves the response speed to some
extent. Seung et al. [19] proposed a method that the frequency of the injected HF square-wave voltage
signal is the same as the PWM switching frequency, in which two current samples were taken in a
square-wave period and three arithmetic operations were performed to obtain the HF induced current
signal. Besides, the dynamics of the position-sensorless control can be improved and the acoustic
noise can be remarkably reduced. However, this method still needs to use a BPF for obtaining the
feedback current signal. In [20], the fundamental current signal of the stator winding is obtained by
arithmetic operation, without using a filter, but it is still necessary to sample the current twice in one
square-wave period.

The conventional square-wave injection method has many advantages, such as low current noise,
high bandwidth, and high steady state performance, etc. However, the voltage error caused by the
nonlinearity of the inverter still needs to be taken seriously and solved. In addition, the magnetic
polarity detection, which is one of the main problems to be improved, is essential for smooth startup
and robust control of IPMSM. The conventional method [21] proposes to detect the initial position of
the rotor by pulse voltage vector method, which injects a series of pulse voltage vectors with the same
amplitude and different direction into the motor stator winding, and estimates the rotor pole position
by comparing the magnitude of the response current based on the nonlinear saturation characteristics
of the motor stator core. However, the current amplitude does not change much as the voltage vector
approaches the rotor pole position. At the same time, the phase current measurement error and the
inverter nonlinearity will affect the measurement accuracy [16].
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In order to solve the problem of initial position detection in conventional sensorless control of
IPMSM, a rotating voltage injection sensorless method of estimating the initial rotor position of a direct
torque controlled IPMSM drive is proposed in [22], which injects a HF voltage to the windings and
extracts the amplitude of the corresponding stator current components based on motor salient effect.
However, this method still has some problems, such as obvious current sampling noise, influence by
motor parameter variations, and special position interference. The improvement of the RSVI, PUVI,
which has been proven to be the best injection type for the low- and zero-speed position sensorless
control [23], can rarely be found for the initial rotor position detection in the sensorless control system.
Xie et al. [24] proposed a PUVI method in which the two opposite voltage vectors were injected to
reduce the effects of inverter voltage error on the position estimation accuracy. However, this method
only studies the low-speed range, and does not conduct research and analysis on the zero-speed range,
especially the lack of research on magnetic polarity detection, which is essential for smooth startup
and robust control of IPMSM. In [25], the positive and negative test pulse voltages are injected into
the estimated d-axis, and the positive direction of the magnetic polarity is judged by the time when
the currents at different magnetic polarity are attenuated from the steady state value to 0. However,
the position estimation is stopped in the process of polarity identification, which makes the structure of
the code more complicated. This problem also exists in [26] and [27], and the interval of signal injection
must be existed, resulting in long execution time and poor stability. Then, [28] uses the difference in
current measured at zero time of each PWM period to determine the magnetic polarity. The advantage
is that no additional injection voltage is required, and the convergence speed is fast. The disadvantage
of this method is that the position estimation depends on the accuracy of the current. Once the current
signal-to-noise ratio is too small, the rotor position cannot be accurately obtained. Based on the above
references and the improvement points of this article, the comparison of Table 1 is obtained.

Table 1. List of the research contents covered by the articles.

Literature Remove Remove Reduce Nonlinearity Magnetic Polarity
LPF BPF/HPF Audible Noise  of the Inverter Judgment
Ref. [4] X v X X X
Ref. [8] YV X X X v
Ref. [10] X X vV X X
Ref. [11] X X v X X
Ref. [12] v v v X X
Ref. [13] Vv X X X v
Ref. [15] v v X X X
Ref. [16] X v X X v
Ref. [18] vV YV X Vv X
Ref. [23] v v X X v
Ref. [24] v v X v X
This paper v v X v v

Therefore, in view of the existing sensorless estimation methods for rotor position, a HF
square-wave voltage injection scheme-based rotor position estimation of IPMSM in low-speed range
and a new method of magnetic polarity detection in zero-speed range are proposed. Based on the
principle analysis of d-axis magnetic circuit characteristics, a method for determining the direction of
magnetic polarity of d-axis two-opposite DC voltage offset by uninterruptible square-wave injection
is proposed, which is simple and can quickly converge by comparing the absolute value of the
peak-to-peak value in the d-axis high-frequency current response. Therefore, the method of magnetic
polarity identification proposed in this paper is not only suitable for the case where the motor is



Energies 2019, 12, 4776 4 of 21

stationary, but also suitable for the free running condition of the motor. At the same time, the strategy
injects a two-opposite HF square-wave voltage vectors into the estimated SRF, which considers the
effects of inverter voltage error on the rotor position estimation accuracy. With this approach, the LPF
and the BPF are removed to simplify the signal process for estimating the rotor position and further
improve control bandwidth.

This paper is organized as follows. First, the rotor position estimation strategy based on
conventional HF square-wave voltage injection is analyzed in Section 2. In Section 3, the rotor
position estimation strategy based on improved HF square-wave voltage injection and proposed
magnetic polarity detection are investigated. Then, in Section 4, comprehensive simulation and
experimental setup are introduced and experiments are provided to prove the effectiveness of the
improved sensorless control strategy and proposed magnetic polarity detection method. Finally,
Section 5 concludes this paper.

2. Analysis of Rotor Position Estimation Strategy Based on Conventional Square-Wave Voltage
Injection

2.1. Mathematical Model of IPMSM

Assuming that the IPMSM operates in an unsaturated state with negligible hysteresis loss and
eddy current loss, the mathematical model of the IPMSM in the a-f stationary reference frame is
given as:

Uas | i Lym + L7, fcos 20, Ly, f sin20, | das
=Rs| .7 |+ .o ; , vl B
igs Ldif sin 20, Lim — Ldz‘f cos 0, igs )
—sin260, cos206, “ Tos —sin 6, ]

217,
dif w’| cos20, sin6, igs ] +ary [ cos 6,

where 14 g5, ia g5 are the a- and B-axes stator voltage and current, respectively. Rs is the stator resistance;
wy is the rotor speed; 1, is the linkage magnetic flux, and d / dt represents derivative operator. L'g;,, L 4 5
are average inductance and differential inductance, respectively, and are defined as L', = (Lg + Lg) /2
and Ly;¢ = (L} — L) /2, respectively, where L"; and L'y are d-and g-axis inductance, respectively. 0,
is the actual rotor position, and the physical model of actual and estimated rotor reference frames is
shown in Figure 1.

Figure 1. Physical model of the actual and estimated rotor reference frames.
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According to Euler’s formula, the voltage and current vector can be described as

Uys = uasejer
Ups = Ugsjel®
Tos = Ias€j6r

Iﬁs = Ilgsjejer

@

where Uys, Las, Ugs, and Igs are the magnitudes of aas and Tﬁs on the a- and p-axes, respectively; e is
the natural constant; j is the imaginary unit.

Under the premise that IPMSM operates at zero- and low-speed range, the product term related
to w, can be omitted because the speed is close to 0. Therefore, (1) can be simplified as

a1

di f sin 29;’7 (3)
d1 g

if cos ZGT)T

Upe = R Tue + (Lm + LdfCOSZG ) i

Ugs = Re I gs + jLi sin ze,d Los | (L;um - L

By adding the two equations in (3), (3) is rewritten as

- — — — L'+L" Al g
UQs+uﬁs:Rs(1as+ Iﬁs)+(d2 q)(dla5+ ﬁ)

, E (4)
(Ly Lr) dlas dI S '(U -Lg ) dlzxs d1lps
+—2 co0s 20, - —df + j—5—=sin26, - df

2.2. Signal-Process Method in the Estimated Rotor Reference Frame

Figure 2 shows the control system scheme for obtaining position information with the conventional
square-wave injection method. By reasonably selecting the injection voltage, the voltage generated on
the stator resistance in (4) can be neglected. After Euler transform, (4) is derived as

— —* 0, — —* 0,
A1 ops = L (Uaps — U apse™) + Ly(Uaps + U ap™) ®)
rrr
2L qu

e

where U 445 is the conjugate Vector of Ua/gs Since d I 4ps/dt can be regarded as A I aps/ At during one

PWM switching period, where A 1 aps is the a- and f-axes current variation in the stationary reference
frame. Therefore, the current variation can be expressed as

- L'+ L7 , L' —L1]
— (-4 O _ _d 1 (20,~04)
A Iaﬁs = ( Uaigsej Uaﬁse] VAt 6)
ZL;L‘; 2LrLr

where 0, is the angle of the voltage vector in the stationary reference frame. By converting the current
variation in the -3 stationary reference frame to the estimated dr— qf rotating reference frame, the
current variation can be rewritten as

T r r T
L ot Lq L L

- 1ei20=0=0) At Uy, @)

Al s =
s (2L;L; 2L;U

where 0, is the estimated position angle. As shown in Figure 1, the relationship between different
angles are given as

- ®
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where 5m and éu are the error angle of the actual rotating reference frame and the estimated rotating
reference frame, the angle of the voltage vector in the estimated rotating reference frame, respectively.
If d’-axis is selected as the injection axis, the form of square-wave voltage is shown as

20, T
ui,%je] ,0< tm(T) <3 )
0,5 < tn(T) < T

Uinj(t) = {

where T and t,,(T) are the square-wave period, the remainder of t divided by T, respectively.

7 l
%k C
U, l
EJ
SVPWM Ub J
E3
Ue
. o ia
magnetic polarity| | dq i 0!,5 Iy
tion Iq B i.
op | ~— / abc
er
A Rotor
position
estimation

Figure 2. Control system scheme for obtaining position information with the conventional square-wave
injection method.

The current variation in the estimated d” — ' rotating reference frame after injecting the
conventional square-wave voltage can be calculated as

- At(LT + L) At(L" - L) — At(L - L) —
d 9 d 9 d 9 . .
A Idfq?s = W inj — Wumj COS(293ﬂ) - Wumj sm(zem)] (10)
a-q aq aq
It can be seen from (10) that the error angle can be directly extracted from the imaginary part of
the current variation when the error angle is small, which is obtained as

-

IM(A T grgi) = Al s = C-Sin(20) ~ 2C - Oery (11)

AH(L!-L A
where C = %uw, which is a constant. The estimated rotor position 0, is obtained by

signal-processing in the sensorless control, as shown in Figure 3. The full name of PLL in Figure 3 is
phase-locked loop.

Ai{lﬂs ) Coordinate |A]dfgfs ; Take the

transformation imaginary part

—

@,

A

/s PLL

A

Figure 3. Signal processing diagram of the conventional square-wave voltage injection method
for IPMSM.
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2.3. Voltage Vector Injection Scheme

Since the motor speed is extremely low, i.e., less than 5% of rated speed and the motor state
changes minimally during one PWM switching period, the performance of motor is basically the same
when the PI controller integrates once every two PWM switching periods and integrates once for
each PWM switching period. In the subsequent experiments, one switching frequency of 10 kHz was
used, and the injection frequency was 1/2 of the switching frequency. Although the system of rotor
position estimation can extract the position information of the rotor and obtain an estimated value,
the estimated value may be consistent with the actual position, or may be offset by 7 rad, so that the
positive direction of the actual d-axis cannot be determined. Therefore, the magnetic polarity must be
judged before the motor runs at low speeds. The conventional method to solve the problem is usually
to inject voltage pulses of equal width in both positive and negative directions into the d-axis in the
estimated rotating reference frame. Considering that the duty period of the PWM calculated in the
ARM controller will be updated in the next period, the conventional control sequence of injection
voltage and sampling current under position-sensorless control at zero- and low-speed is shown in
Figure 4.

As can be seen from Figure 4, current sampling was performed at the beginning of each current
action period, and the current variation obtained by the difference between the measured currents in
the two periods can be used for position estimation. The PI controller of the current loop only acts
after the current sampling step in the FOC control period, so by separating the FOC control period and
the voltage injection period, an additional low-pass filter for extracting the estimated rotor position
can be omitted.

.20 7 1 026, 7 ;028
U,,e 29" 1 Magnetic bin ol I U,pie’
- agl - . afs-T1 -~ . iny
FOC period " afisT1 polarity detection FOC period 4 Z FOC period 4
) - ' | ‘ Y
| | | | | |
Control Il/ \JWM \:/ \:/ [
sequence | mes - >
ISquare-wave injection I —I_I—l_l— l\umi-:‘ ave inj ection| |
period
7 Contmnue the j 7 Vi
]O!ﬁS—TO Ufoc injection of the afs-T0 Z’/foc afs-T0
previous period
i_Zero- Speed Range: [ L] Low- Speed Range

Figure 4. Conventional control sequence of injection voltage and sampling current at zero-
and low-speed.

3. Analysis of Rotor Position Estimation Strategy Based on Improved Square-Wave Voltage
Injection

3.1. Improved Signal-Process Method in the Estimated Rotor Reference Frame

At low speeds, various position-sensorless driving methods are generally affected by the nonlinear
voltage error of the inverter. The nonlinear factors in the voltage-type inverter cause the HF response
current to be distorted, which results in the rotor position estimation error and affects the stability

of sensorless control. If the error is not compensated, the injected voltage vector cannot be injected
ULy | Ll

rrr - rrr
20717 2077

7

into the target axis accurately, resulting in the observation position offset. In (6),

when square-wave voltage is injected to the estimated d” -axis, the rotor position angle error signal is
AH(L'-LY)
2L L7
nonlinearity of the voltage-source inverters, the square-wave voltage cannot be injected into the target
AH(L-LY)
207L7

—_— hd
obtained from the term [— Uinj sin(Zem)] in the imaginary part of Al 4.+, However, due to the
Uip ]] in the real

- AL -L]
part of AT .7, Therefore, when extracting the rotor position angle error signal, the term [%um ]]

position of d” -axis accurately, so a small error will be enlarged from the term [

will not be completely eliminated, which will seriously affect the accuracy of conventional square-wave
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injection for estimating the rotor position angle. In the conventional method, the observation value
of rotor position can be obtained by injecting only one voltage vector in the injection period, but
the voltage error affected by the nonlinearity of the voltage-source inverters is not compensated.
In addition, the conventional method first calculates the error and then compensates the error, which is
not only complicated to operate, but also the digital control systems, e.g., DSP and dSPACE, have a
delay of switching periods. Therefore, the voltage error calculated in each switching period will only
be compensated in the next switching period, which leads to inaccurate voltage error compensation.
Therefore, on the basis of the above injection method, it is important to study a simple and accurate
inverter voltage error compensation method to improve the accuracy of rotor position estimation and
the control performance of IPMSM.

In order to realize the compensation of the voltage error caused by the nonlinear factor of the
inverter, e.g., dead-time of switches and turn-on and turn-off voltage drop of switches, another voltage
vector with the same amplitude and opposite direction can be injected in the next switching period
of injecting the positive voltage vector on the basis of separating the FOC control period and the
square-wave injection period, at which time the PI controller of current loop acts and updates every
three switching periods. Figure 5 shows the inverter single-phase bridge arm structure, and the
improved physical model of actual and estimated rotor reference frames is shown in Figure 6.

% TIJ@DI
+
}D4

5

Figure 5. Inverter single-phase bridge arm structure.

~.

NN
A .
»

Figure 6. The improved physical model of actual and estimated rotor reference frames.
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3.2. Improved Voltage Vector Injection Scheme

Similarly, the details of the ARM processor update in the next period after calculating the PWM
duty period need to be considered. Figure 7 shows the improved control sequence of injection voltage
and sampling current under position-sensorless control at zero- and low-speed. As shown in Figure 7,
when the IPMSM operates at zero-speed, the initial position detection needs to be performed first,
and then the magnetic polarity detection needs to be considered. When the IPMSM operates at
low-speed, in the first PWM carrier period, the sensorless control system performs FOC control,
without superimposing any high frequency vector. The current response generated by the FOC vector
acts as the control current of three PWM periodic current loops. Then, before the beginning of the
second PWM carrier period, a positive square-wave voltage is injected into the forward direction of 4,
and then a negative square-wave voltage of the same magnitude is injected into the reverse direction
of 4", before the beginning of the third PWM carrier period. Finally, the currents acquired by the
second and third PWM periods are compared with the current acquired by the previous PWM period.
By making a difference, two varying currents are obtained to calculate the rotor position angle.

I L) u U, &7 LU
. o . e U. e 2
Ufac Om{e Uinje Magnetic polarify foc m{ inj foc
| detection
v . 1 I N Y
| [ | | !
Control T 1 T 'V\r’\/\r’\/bl t
Ny U iny +U bias . L it
sequence FOC period sitive square-wave YNegative square- \\1\e | Y FOC petiod Positive square-wave \e gative square-wave
| injection period | injection period | !“ﬂ[ + ctio injection period |
T = Sampling A I i - Sampling -
aBs-TO aps-T1 Ol[i’s 7o Contnuethe afBs-T0 aps-T1 afs-T2

injection of the
revious petiod

Figure 7. The improved control sequence of injection voltage and sampling current at zero-
and low-speed.

Define the inverter voltage error as Al,,,—yv. Since the motor speed is very low and the switching
period is very short, assuming that Al,,,—yv does not change during the two switching periods,
the voltage error caused by the nonlinearity of the inverter can be expressed as

udf P51 = um]€] ul
/2 -
~ Ui i€ n = AUerr-INv

0 (12)
udqusiz = uinje] u2
. d
~ inje_]n/z = AUerr-INV
By substituting (12) into (7), the simplified equation is rewritten as (13) and (14)
7 AHLG+LG) ; = AHL L) (08—
Aldf‘fﬂ - #L;q(ui’ﬂ]‘ iz Aleyr- INV) - Wuinje‘](zem 0u1) 2
L +Ly L —L" o= A
= Mt(Frt 2L’L’ Uije 712 = zdeU N - 2‘£2Li’ U jel(20err=0u) )
7 AH(LY+Ly) iy = AH(LI-LT) o=
Algyso = #(Uﬂu‘e T2 — Aopy-inv) = —gprpr e Uinje/20er=012)
LV+U L +L N T a-q1 . (14)

_ L' -L ; _
_ At( ZLVL’ um] jn/2 _ 2L’L’ Auerr INV — ZdL;Lg uinjej(zem Guz))
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Thus, the rotor position estimation scheme can be realized by an improved physical model of
actual and estimated rotor reference frames, as shown in Figure 6. In Figure 6, the relationship between

angles can be described as
éul =n/2+A0,n

A

Oup = —1/2 = A0y (15)
AB,;1 = AOy»

Since A8, is very close to 0, combining (13), (14), and (15), the obtained equation is calculated
as (16).

AH(L — L)

Re(A g = A grgr0) = ~—r77 U Uinj cos A8, - $in 20,y = 2C - Sin 26 ~ 4C- Oy (16)
d—q

Similarly, if the injection voltage from the d’-axis is selected, the estimated rotor position angle
can be expressed as

Im(A T grrg = A1 gryrsp) = 2C - sin 20, ~ 4C - Oppr (17)

It is observed that the (16) and (17) can finally estimate the rotor position angle after considering the
voltage error caused by the nonlinearity of the inverter. Thus, the rotor position-sensorless estimation
scheme can be realized by an improved square-wave injection method, as shown in Figure 8.

| L]inj +_[Jhias |
e S5 y
a)* % U* U* U* dc
[/ a
—+ o Pl e PL I Urly
A SVPWM
o Y ap Uz U,
'] O—
1, =
d >, 0, >
? Iy Y ly lq
magnetic polarity . d / (04
detection —l Ly 9 o ﬂ Z'B b i "
| < abc
A PN
I
R Rotor PMSM
w]” position U
estimation

Figure 8. Control system scheme for obtaining position information with the improved square-wave
injection method.

3.3. Determining the Direction of Magnetic Polarity

In the conventional method, after the square-wave voltage is injected, the magnetic polarity is
determined by injecting two square-wave pulses of opposite directions and equal durations. However,
in the process of software algorithm implementation, the switching task of the algorithm state machine
is additionally increased, which makes the structure of the code more complicated, and the noise of
the current sampling affects the accuracy of the judgment, which may lead to the magnetic polarity
judgment error.

In this paper, a fast-initial position identification method is proposed. After the positive and
negative square-wave injection, the given d-axis bias voltage Uy, is added and the direction of the bias
voltage is changed on the basis of the uninterrupted square-wave injection. By comparing the absolute
value of the peak-to-peak value of the d-axis HF current response, the magnetic polarity identification
is completed, which is relatively simple.
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At the same time, the bias current is not directly given in this paper, but the bias current is
generated by a given bias voltage. Figure 9 shows the characteristics curve of the d-axis magnetic
circuit and the high-frequency current response diagram. The incremental inductance at X1 and X2
can be defined as

_ 9y
Ly = 7|X1 (18)
L =%
2 = (91 X2
Vi
_ — - /
S e
I//\\// ] AI /\lf'l /\
\ L ANy
V=2
X2
i i Vi

Figure 9. The characteristics curve of the d-axis magnetic circuit and the high-frequency current
response diagram.

As shown in Figure 9, the incremental inductance L2 is larger than L1. Therefore, when the same
flux is changed, the current at X1 changes greatly and the current at X2 changes little. Since the
square-wave is not interrupted during the initial position identification process, the convergence speed
of magnetic polarity identification is fast. In addition, it is necessary to set Uy;,;s to 0 at an intermediate
time period of a given bias voltage +Up,,s, so that the fundamental current returns to the initial state.
When the d-axis DC bias voltage is the same as the magnetic polarity of the rotor (X1), the stator flux
saturation is increased, the incremental inductance is decreased, and the absolute value of the d-axis HF
response current peak-to-peak value is increased. When the voltage is opposite to the magnetic polarity
of the rotor (X2), the saturation of the stator flux is weakened, the incremental inductance is increased,
and the absolute value of the peak-to-peak value of the d-axis HF response current is decreased.

Therefore, the magnetic polarity identification of the rotor can be realized by comparing the
absolute values of the peak-to-peak value of the HF current response generated by the HF voltage
under the given bias of the positive and negative d-axis voltage. If the peak-to-peak value of forward
HF current is greater than peak-to-peak value of the reverse HF current, the estimated position angle
direction is directed to the N pole; i.e., the estimated position angle is the actual position angle of the
rotor. In addition, if the peak-to-peak value of forward HF current is less than the peak-to-peak value
of reverse HF current, the estimated position angle direction is directed to the S pole, which means the
rotor position angle needs to be compensated for 7. Figure 10 shows the flow charts of two methods
for magnetic polarity identification of the rotor.
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Figure 10. The flow charts of two methods for magnetic polarity identification of the rotor.
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4. Simulation and Experimental Results
4.1. Simulationl Results

Because of the need to implement discrete simulation models in Matlab/Simulink, this paper uses
the M function in Simulink and the data storage unit to save the discrete data for the next period of
calculation. Before conducting the experiment, it is first determined by simulation that the square-wave
injection is performed by injecting a HF voltage into the d-axis or a HF voltage into the g-axis. In the
simulation, the bus voltage is 310 V, and the amplitude of the injected HF voltage vector is 70 V.

Figure 11 shows the current response when the g-axis is injected with positive and negative pulse
voltages for position estimation. Figure 12 shows the current response when the d-axis is injected
with positive and negative pulse voltages for position estimation. According to the torque equation of
an IPMSM, the g-axis current has a predominant influence on the torque. As shown in Figure 11b,
the HF current response with high amplitude is generated in the g-axis, which has a great influence
on the torque ripple. However, as shown in Figure 12b, it can be seen that the amplitude of the HF
current response in the g-axis is small, which is more conducive to the stability of the control system.

Therefore, in subsequent experiments, the rotor position estimation is performed by injecting a HF
voltage vector in the d-axis instead of the g-axis injection.
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(a) Three-phase current waveform. (b) dg-axes current waveform.

Figure 11. Current response when the g-axis is injected with positive and negative pulse voltages for
position estimation.
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Figure 12. Current response when the d-axis is injected with positive and negative pulse voltages for
position estimation.

4.2. Experimental Platform

In order to verify the feasibility of this method in engineering and the accuracy of rotor position
estimation, the proposed position-sensorless control scheme was verified on the platform with a 400W

IPMSM, as shown in Figure 13. As shown in Figure 13, the experimental platform mainly includes two
parts: the tested system and the load system.

F -
ﬁ pC ﬁPC

Load
motor
driver

Control board ~ Driver board
Power  Oscilloscope
Sensor line s T
] ] Sensor
fi k
e;d];zf EE = feedback
e Il M908 -0 (&4 signal
T ,
——— Speed and \— n°
Torque 4,
Controlled motor Sensor Load motor

S

=

Figure 13. The experimental platform.

The tested system can be mainly divided into three groups: (1) the upper computer for status
monitoring, (2) the built-in pump motor as the controlled object, and (3) the control and drive system
with the Infineon XMC4500 chip as the core. The load system can be mainly divided into three groups:
(1) the upper computer for command transmission and status monitoring, (2) the industrial servo
drive, and (3) the high-performance servo motor as load. In addition, the controlled motor and the

load motor are connected by speed and torque sensors. The IPMSM and system parameters are shown
in Table 2.
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Table 2. IPMSM and system parameters for experiment.

Parameter Quantity Unit
Pole pairs 2 poles
Resistance 1.6 [Q]
d-axis inductance 15 [mH]
g-axis inductance 18.8 [mH]
Rated speed 3000 [rpm]
Rated power 400 [W]
Rated voltage 220 [VI]
Rated current 2.28 [A]
Rated torque 1.27 [N-m]
PWM switching frequency 10 [kHz]
Injection voltage magnitude 70 [V]

4.3. Initial Rotor

Position Estimation

14 of 21

In the experiment, the PWM switching frequency remains unchanged at 10 kHz. The rotor
position estimated by the conventional HF square-wave voltage injection method and the improved
HF square-wave voltage injection method are compared, and the obtained experimental waveforms
are shown in Figures 14 and 15.

The experimental conditions are as follows: the conventional HF square-wave injection frequency
is 10 kHz, and the rotor position is estimated every two PWM switching periods. The improved HF
square-wave injection frequency is 10 kHz, and rotor position estimation is performed every three
PWM switching periods. The initial position angle is artificially fixed at 30°, 60°, 120°, and 150° in
advance by acquiring the angle of the encoder. Figure 16 shows the offset angles of the estimated and
actual angles of the two methods. The initial position detection in Figure 14c,d and Figure 15¢,d are
both before the magnetic polarity judgment, and the magnetic polarity judgment are analyzed in the
subsequent experiments.
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Figure 15. Initial position estimation response curve under improved HF square-wave voltage injection.
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Figure 16. The angle error offset of the two methods.

By summarizing the eight initial position estimation response curves in Figures 14 and 15,
the relevant data in Table 3 can be sorted out. In addition, the angle error offset is the size of the
offset angle generated on the basis of the actual angle, and the fluctuation range of the angle error is
generated on the basis of the angle error offset.

Table 3. Comparison of initial position estimation parameters for two injection methods.

Injection 30° 60° 120° 150°
Method Time(s) error(°) Time(s) error(°) Time(s) error(°®) Time(s) error(°)
Conventional +3.3 + +3.4 + +3.2 + +3.6 +
method 0.018 6.2 0.02 6.4 0.016 59 0.012 6.2
Improved +3.4 + +3.2 + +2.9 + +3.6 +
method 0.022 32 0.032 24 0.023 19 0.017 20
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As shown in Figure 16, the estimated angle of the conventional HF square-wave voltage injection
method is offset from the actual angle, but this offset is weakened in the improved HF square-wave
voltage injection method, in the conventional method, the angle error offset keep within 6.4°, which is
caused by the inverter voltage error, in the improved method, the angle error offset keep within 3.2°,
it can be seen that the angle error offset is greatly reduced, which is reduced by about 50%, because
the improved method reduces the voltage error caused by the nonlinearity of the inverter. It can
effectively compensate the voltage error and reduce the influence of the error on the accuracy of rotor
position estimation.

4.4. Estimation of Rotor Position at Low Speed

4.4.1. Comparison of Rotor Position Estimation Before and After Improvement

In the HF injection sensorless control period, the FOC control period time is 100 microseconds, and
the positive voltage injection period and negative voltage injection period are also 100 microseconds.
Figure 17 shows the comparison of rotor position estimation before and after improvement. As shown
in Figure 17a, in the conventional method, the estimation error results in an offset error of around 5°
and an estimated ripple error of +7°. However, in the improved method of Figure 17b, the offset error
is close to 0° and the estimated ripple error is kept within +5°. The analysis diagram of steady-state
estimation error of two methods under different low speed conditions is shown in Figure 18.
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Figure 17. Comparison of rotor position estimation effects between two methods (a) Conventional
method; (b) Improved method.
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Figure 18. Steady-state estimation error of two injection methods at different speeds.
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4.4.2. Rotor Position Observation Experiment Under Forward and Reverse

Figure 19a shows the rotor angle and estimation error waveform of conventional HF square-wave
voltage injection method switching back and forth from 5 r/min to —5 r/min. It can be seen that the
estimated ripple error can be stabilized within +£10° when the rotation speed is 5 r/min, as shown in
Figure 19a. The rotor angle and estimation error waveform of conventional HF square-wave voltage
injection method switches back and forth from 20 r/min to —20 r/min, as shown in Figure 19b. It can be
seen that the estimated ripple error can be stabilized within +10° when the rotation speed is 20 r/min,
as shown in Figure 19b.

150 Estimated angle Actual angle 150 Estimated angle Actual angle
120 FREY
¥ 60 )
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"
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30 _ 30
¥ 20 20
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Time(s) Time(s) Time(s) Time(s)
(a) 5 r/min (b) 20 r/min

Figure 19. The rotor angle and estimation error waveform of conventional HF square-wave voltage
injection method at low-speed operation (a) at 5 r/min. (b) at 20 r/min.

The rotor angle and estimated error waveform switching back and forth from 5 r/min to —5 r/min
and the rotor angle and estimated error waveform switching back and forth from 20 r/min to —20 r/min
are shown in Figure 20a,b, respectively. As shown in Figure 20a, it can be seen that the estimated ripple
error can be stabilized within +6° when the rotation speed is 5 r/min. It can be seen that the estimated
ripple error can be stabilized within +8° when the rotation speed is 20 r/min, as shown in Figure 20b.

Estimated angle

Actual angle

180 150 Estimated angle Actual angle
£120 %120
3 60 & 60
3 i
a1 0 - 0
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120 120
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30 30
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Figure 20. The rotor angle and estimation error waveform of improved HF square-wave voltage
injection method at low-speed operation (a) at 5 r/min. (b) at 20 r/min.

4.5. Judging Compensation of Magnetic Polarity Direction

In this section, the effects of the two magnetic polarity discrimination methods are compared at
30° and 120°, respectively. The magnetic polarity discrimination experiments of the two methods at
30° are shown in Figure 21a,b, respectively. As shown in Figure 21a, the conventional method uses a
20 V DC bias voltage to identify the magnetic polarity. The proposed method uses a 20 V DC bias
voltage to superimpose a 16 V HF square-wave voltage signal, as shown in Figure 21b.
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Figure 21. The d-axis current characteristic of the rotor at 30° for magnetic polarity judgment (a)

conventional method. (b) proposed method.

Similarly, the magnetic polarity discrimination experiments of the two methods at 120° are shown
in Figure 22a,b, respectively. The experimental data are compared in detail, as shown in Figures 23
and 24. We can divide the process into two stages. When t is between 0 and 0.18 s, the first stage
period is the from standstill to startup, that is no procedure and no equipment to be performed at
standstill, and the rotor is fixed initially in the startup period. Then, during the second stage, when t is
between 0.18 and 0.38 s, the magnetic polarity judgment is performed in order to ensure the accuracy
of rotor position estimation. The magnetic polarity identification method proposed in this paper is
a combination of HF square-wave voltage injection method and DC bias voltage. In the process of
magnetic polarity identification, the HF square-wave voltage injection method has also been updating

its angle.
12 4
12 o 48 8
gt 32 8r 32
4t 16 _ 4t 16 _
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4= -16 -4 85 1-16
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d-axis voltage given = d-axis current response

Figure 22. The d-axis current characteristic of the rotor at 120° for magnetic polarity judgment (a)

conventional method. (b) proposed method.
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Comparative data of d-axis current for magnetic polarity judgment when rotor is located at 30°
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Figure 23. Comparative data of d-axis current characteristics for magnetic polarity judgment when
rotor is located at 30°.

Comparative data of d-axis current for magnetic polarity judgment when rotor is located at 120°
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Figure 24. Comparative data of d-axis current characteristics for magnetic polarity judgment when
rotor is located at 120°.

Therefore, the method of magnetic polarity identification proposed in this paper is not only
suitable for the case where the motor is stationary, but also suitable for the free running condition of
the motor. As can be seen from the Figures 21 and 22, the effect of only injecting DC bias voltage on the
initial position observation is not very obvious either from the difference of the extreme value of the
d-axis current response or from the average value of the steady-state current of the d-axis. If the burr of
the current is large, it is easy to affect the judgment result. In 50 repetitive experiments, the probability
of method (a) judging errors was about 10%. For method (b), the discrimination is more obvious from
the difference of high frequency response of current. In 50 repetitive experiments, the probability of
misjudgment was 0, which directly proved that the improved direction judgment of magnetic polarity
method proposed in this paper is effective.

5. Conclusions

In this paper, a HF square-wave voltage injection scheme-based position sensorless control of
IPMSM in the low-speed range and a new method of magnetic polarity detection in zero-speed range
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are proposed. The strategy realizes the switch between zero-speed algorithm and low-speed algorithm
for sensorless control of IPMSM. Since the proposed method is an improvement on the conventional
square-wave injection method, the method is applicable to AC motors with salient pole effect that can
be applied in the conventional method. Furthermore, the voltage error caused by the nonlinearity
of the inverter are compensated to improve the accuracy of rotor position estimation. In addition,
based on the principle analysis of d-axis magnetic circuit characteristics, a method for determining the
direction of magnetic polarity of d-axis two-opposite DC voltage offset by uninterruptible square-wave
injection is proposed, which is fast in the convergence rate of magnetic polarity detection Compared
with the conventional method, the new method is more distinct and the success rate is higher. Finally,
comprehensive simulation and experimental results verify that the improved HF square-wave voltage
injection method and the detection of magnetic polarity method perform faster and more accurately
compared with the conventional method.
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