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Abstract—This paper proposes a novel unified nonlinear op-
timization based speed and position estimation algorithm for
Interior Permanent Magnet Synchronous Motor (IPMSM) drives
at wide speed range operations. A cost function based on the
voltage equations in the stationary reference frame is employed
for speed and position estimation. The speed and position can be
estimated by minimizing the cost function. At low speed including
standstill condition, the cost function is modified and high
frequency sinusoidal voltage signals are injected in the estimated
magnetic axis. A Phase Locked Loop (PLL) is combined with the
proposed position estimator for reducing the noise of estimation
results. Compared with existing sensorless methods, a unified
estimator is used at low and high speed operations and a better
performance is obtained in transient and steady state conditions.
The convexity of the cost functions with respect to the speed
and position estimation errors is analyzed in the paper. The
feasibility of the proposed estimation algorithm is validated with
an experimental test bench.

Index Terms—Interior permanent magnet synchronous motor
drives, motor control, nonlinear optimization, position sensorless.

I. INTRODUCTION

ERMANENT magnet synchronous machines (PMSM)

are known for their high power density, high efficiency,
simple structure and ease of control. High performance of
PMSM drives requires the knowledge of speed and rotor
position for vector control. Position sensors (resolver and
encoder) have several drawbacks such as increased motor size,
decreased robustness and reliability of drive system and addi-
tional cost. Hence, motor control research has been focused
on replacing position sensors with observers and estimators
that avoid sensor-related issues [1].

Sensorless control methods can be classified into two cate-
gories. The first category is electromotive force (EMF) based
estimation methods relying on measurement of stator voltages
and currents for medium and high speed operations [2]-
[18]. The most straightforward way of obtaining the position
information is to calculate the EMF or flux in open loop
or simply estimating flux by integrating the EMF. However,
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the integration degrades due to the drift problem and is
sensitive to machine phase resistance. In order to improve
position estimation, the EMF, extended EMF and flux were
estimated by state observers [2]-[9], sliding mode observers
[10]-[15] and extended Kalman Filters [16]-[18]. Since the
EMF components are proportional to the motor speed, the
extraction of EMF is challenging at low speed condition.
Moreover, the voltage drop due to the stator resistance and
inverter nonlinearities also affect estimation performance of
the EMF based methods at low speed.

In order to improve speed and position estimation at low
speed, the saliency tracking based methods, which usually
employ high frequency signal injection into different frames of
the machine [19]—-[31], are also widely utilized. These methods
exploited the anisotropic property of the permanent magnet
machine caused by spatial saliency or magnetic saturation.
In [19]-[22], rotating sinusoidal voltage signals were injected
into stationary reference frame and the resulting carrier fre-
quency currents were demodulated for extracting the rotor
position information. Another major type of injection method
is called pulsating voltage injection method [23]-[26]. This
method relied on injecting sinusoidal voltage signals into the
estimated d or ¢ axis and the induced currents in the estimated
q or d axis was utilized for position estimation. Other types
of injection like square wave voltage injection [27]-[29],
sinusoidal current injection [30] and pulsating voltage injection
into stationary reference frame [31] were also applied for
position sensing in PMSM drives. The saliency tracking based
methods are parameter independent and suitable for low speed
operations including standstill conditions. However, larger
torque ripples and extra losses are introduced by these methods
due to the superimposition of extra signals on the fundamental
frequency components. Additionally, the control bandwidth is
limited due to demodulation of the carrier frequency current
components in position estimation. Besides signal injection,
methods relying on high frequency excitation by PWM switch-
ing [32], [33] were also employed for sensorless control of
PMSM drives.

Combination of EMF based methods and saliency tracking
based methods is a widely employed solution for applying
sensorless control algorithms on PMSM drives at wide speed
range operation. At low speed, the saliency tracking based
methods are employed. The EMF based estimation methods
take over at medium and high speed conditions. During the
transition between low speed and medium speed, several
combination algorithms were proposed. In [34]-[36], vari-
able observer structures or gains were applied at different
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speed ranges. In [37]-[39], a linear blending combination was
proposed between EMF based methods and saliency track-
ing based methods during the switching process. However,
involving two independent position estimators with different
structures increases system complexity and decreases system
robustness.

This paper proposes a nonlinear optimization based posi-
tion and speed estimation algorithm for wide speed range
operations. A cost function based on voltage equations in
the stationary reference frame is employed for speed and
position estimation. The speed and position are both involved
in the cost function and they are decision variables for this
nonlinear optimization problem. The speed and position can
be estimated by minimizing the proposed cost function based
on measurements of stator voltages and currents. Since the
voltage information is less significant at low speed and unable
to be observed at standstill condition, extra high frequency
sinusoidal voltages are injected in estimated magnetic axis.
Extra regularization terms are added in the cost function at
low speed to improve estimation quality. A Phase Locked
Loop (PLL) is involved at the output of the position estimator
serving as a filter. In this way, a unified position and speed
estimation method is proposed for wide speed range opera-
tion without switching between different position estimation
algorithms. The system block diagram is shown in Fig. 1.
Convexity analysis on the cost function under different speeds
and positions are also illustrated in this paper. The feasibility
of the proposed estimation algorithm is validated with the
prototype interior permanent magnet (IPM) motor drive system
under different experimental testing conditions.

The rest of this paper is organized as follows. Section II
introduces the optimization based sensorless algorithm. Sec-
tion III presents the observer implementation. Section IV is
concerned with experimental results of the proposed method.
The paper is concluded in Section V.

II. OPTIMIZATION BASED SENSORLESS ALGORITHM

Three reference frames in sensorless permanent magnet
motor drives are shown in Fig. 2. The voltages and currents in
the stationary reference frame («-( frame) can be transformed
into rotor reference frame (d-q frame) or estimated rotor
reference frame (d-v frame) by actual position 6 or estimated
position 6.

>

0

> O
Fig. 2. Different reference frames in sensorless PMSM drives.

The discrete voltage equations of IPM motor in the rotor

reference frame are
dg(k)| _ 1 [Ld 0} ia(k+1) | _ |ia(k) )
Z_L(J(lf) T 0 L, Z'q(k‘ +1) Z-q(k")
0 Lg7 |iq(k 0
—we(k) ({—Ld ¢ LZ&%] - [APD :

The 744 and Ly, denote the currents and inductances in d-g
frame. The we(k), Ay, and T represent the electrical speed,
permanent magnet flux linkage and sampling time respectively.
The compensated voltage in d-qg frame can be calculated by
Uaq = Udq — Rsiqq [40], where R, denotes the machine phase
resistance.

If (1) is transformed into a-f3 frame by actual position 0(k),
then the equations are written in (2).

The 7,p and i,g represent the compensated voltages and
the currents in -3 frame. The position difference between two

consecutive sample times is calculated as Af(k) = Tswe (k).
The transformation 7T}, then is represented in

cos (A6(k)) sin (A6(k)
Tk (A0(K)) = [_sin((AH(kg) cos ((AG((k‘)H -9

The position dependent matrices Lq,(6(k)) are calculated
as

[ 55

Lo sin 20(k
L~ L cos(20)(k)] @)

Lo sin20(k L1 — Lycos20(k
Lb(G(k)) = [_Ll 2 L, cogZ)Q(k) 1—L2 szin29(k’() )] ©

where Ly = (Lq+ Ly)/2 and Ly = (Lg — Ly)/2.

If the terminal quantities in -8 frame and the motor
parameters are known, the speed and position can be extracted
by solving the nonlinear equations in (2). If a cost function
is defined in (6) based on (2), then the cost is zero if actual
position and speed are used. Since only estimated position and
speed exist in the sensorless control system, the cost will be
zero if the estimated speed and position are exactly the actual
ones.

Fig. 3 shows the contour plots of the cost function at
different speed and current conditions. The horizontal axis is
the position estimation error and the vertical axis is the speed
estimation error. From the contour plots, it is clear that the
cost decreases as the estimated speed and position approach to
the actual speed and position. The cost function has two local
minimums in one electrical period. If the machine is running at
N rpm, the first local minimum locates at the origin. The speed
and position errors are both zero, which indicates the correct
estimation. The second local minimum’s coordinate is (180°,
-2N rpm) which corresponds to the negative direction of the
magnetic axis. Therefore, the speed and position estimation
becomes an online nonlinear optimization problem with two
decision variables and the estimation can be achieved by
minimizing the cost function (6).

If the cost function is locally convex and if the initial values
of each estimation are around the expected local minimum, the
optimization is able to reach the expected local minimum with
finite iterations. A function is said to be convex if its second
derivative (Hessian) is positive semi-definite in a convex set
[41]. However, the analytical demonstration is challenging due
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Fig. 1. Block diagram of proposed IPMSM sensorless drives.
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to the complexity of the Hessian of the proposed cost function.
A real symmetric matrix is said to be positive semi-definite
if all its eigenvalues are non-negative. In the proposed cost
function, the Hessian is a 2 x 2 real symmetric matrix and
has two eigenvalues. The local convexity of the cost function
around the two local minimums is illustrated by plotting
the region in which both the eigenvalues of the Hessian are
non-negative. The procedures are: (a) The eigenvalues of the
Hessian are calculated at different speeds and positions with
0.4° degree and 10 rpm intervals; (b) If the two eigenvalues
are both non-negative, the point is recorded and plotted on the
contour plot of the cost function; (c) The convex regions are
then depicted in Fig. 4 and Fig. 5. The plots were also depicted
with speed and position intervals as small as 0.1° degree and
1 rpm. The convex regions with smaller intervals have the
same envelops with Fig. 4 and Fig. 5 but with more points
included. The idea of illustrating the observer convergence
with plots or system trajectories has already been used in
[4], [42]. In Fig. 4 (b) and Fig. 5 (b), the zoomed in convex
regions around the expected local minimum are shown. The
convergence of the proposed estimator is guaranteed if the
speed and position errors are within those regions. Outside
these regions, no convergence guarantees can be issued.

Since the back-emf is proportional to the machine speed,
the voltage magnitudes in (6) are more significant at higher

IPMSM

(6)

speed. The size of the local convex region increases at higher
speed due to the increase of voltages, as illustrated in Fig. 4
and Fig. 5. At very low speed including standstill condition,
(6) is not convex in Fig. 6 (a) and Fig. 7 (a). In order to
estimate the speed and position at low speed, high frequency
sinusoidal voltages are injected in ¢ axis and (6) is modified
in

Gi(0(k), & (k) = G (0(k). &) (D)

minimize
0(k),w (k)

+ K (é(k) . 1))2 + K, (d;e(k) — ok — 1))2.

. . 2
The extra regularization terms K (9(k) —0(k — 1)) and

2
K, (d)e(k) — We(k — 1)) are added in the cost function as
a filter. Improvements of the cost function can be found in
the comparisons between Fig. 6 (a), (b) and Fig. 7 (a), (b).
The @ (k — 1) and §(k — 1) are assumed to be actual speed
and position in Fig. 6 (b) and Fig. 7 (b). With modification
of the cost function and involvement of the voltage injection,
the plot of the cost function (7) become convex and has only
one minimum at origin in one electrical period. The convex
regions of the modified cost function at 0 rpm and 50 rpm are
shown in Fig. 8. The K; and K are both set to zero at high
speed conditions.
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Fig. 3. Contour plots of the cost function (6): (a) 400 rpm and iph ase =

(b) 400 rpm and iii‘;’;e = 4; (c) 800 rpm and ig Z‘;’Z . =0.

III. OBSERVER IMPLEMENTATION

In the real time implementation, Newton’s method is em-
ployed for minimizing the cost functions shown in (6) and (7)
numerically. The compensated voltages %3 and the measured
currents i,g are employed for estimation at the sampling
frequency. First of all, estimated speed and position in the
previous sample time are set as the initial values for the opti-
mization. Then the decent direction is computed by calculating
the partial derivatives J (2 x 1 matrix) and Hessian matrix H of
the cost function. The coefficient & is searched for minimizing
the cost by using the line search method. At the end of each
estimation, the new decision variables 6(k + 1) and &(k + 1)
are updated with

EntipEd

The newly updated 6(k + 1) and &(k + 1) are utilized as
initial values for the next estimation. The proposed optimiza-
tion based estimator is depicted in the left side of Fig. 9. Since
the estimator issues a position and speed estimation based on

speed efroe (rpm)

b i e ' o 2
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Fig. 4. Convex region of the cost function (6) at 400 rpm: (a) convex regions
on the contour plot; (b) zoomed in convex region around the expected local
minimum.
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Fig. 5. Convex region of the cost function (6) at 800 rpm: (a) convex regions
on the contour plot; (b) zoomed in convex region around the expected local
minimum.
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Fig. 6. Contour plots of the cost function: (a) cost function (6) at 0 rpm
without injection; (b) cost function (7) at 0 rpm with injection.
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Fig. 7. Contour plots of the cost function: (a) cost function (6) at 50 rpm
without injection; (b) cost function (7) at 50 rpm with injection.

instantaneous values, current sensor noises directly affect the
estimation quality. In order to filter high frequency noises, a
Phase Locked Loop (PLL) is implemented in series with the
proposed estimator, as shown in the right side of Fig. 9. The
PLL consists of a PI regulator, a discrete integrator, a speed
feed-forward term and a digital filter. The filtered estimated
speed and position are utilized for motor control.

In the unified sensorless control algorithm, a variable mag-
nitudes high frequency voltage injection method is employed
at low speed. The high frequency sinusoidal voltage is injected
in 0 axis and superimposed on the fundamental frequency
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Fig. 8. Convex regions of the modified cost function: (a) convex region at
0 rpm; (b) convex region at 50 rpm.
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Fig. 9. Proposed nonlinear optimization based position estimator.
voltages. The injection scheme is shown in
Ni—|N ¢
By |8 < m
‘/;nj = N 9
0o |¥>m

as well as Fig. 10. The N denotes the estimated speed in
rpm. In this way, the injected voltage is adjusted according
to the estimated speed and extra loss is reduced. In summary,
the original cost function (6) is utilized for estimation without
injection when the motor speed is higher than /V;. The variable
magnitudes high frequency voltage injection and the modified
cost function (7) are employed when the motor speed is lower
than Nj. The K; and K, were tuned heuristically in simula-
tion and experiments. In the proposed PLL, the speed feed-
forward term is used for accelerating the dynamic response
and the digital filter is employed for speed ripple reduction.
The proportional and integral gains in the PI regulator can
be designed based on the PLL bandwidth requirements, but
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the theoretical numbers need to be adjusted by balancing the
estimation bandwidth and noise attenuation [20], [24], [43]
in experimental tests. The switch from (7) to (6) is achieved
by setting K; and K, to zero. The algorithm for speed and
position estimation at low speed and high speed is unified
instead of combining different estimation methods in [34]-
[39].

Z8\%)

inj

— 0 N P N (rpm)

1 1

Fig. 10. Variable magnitudes voltage injection scheme.

SiC MOSFET
Inverter

HORCANY D0

MicroAutobox II

Fig. 11. Prototype IPM motor drives test bench.

IV. EXPERIMENTAL VERIFICATION
A. Experimental Prototype

The proposed unified speed and position estimation algo-
rithm was tested in the experimental test bench shown in Fig.
11. Table I lists the parameters of the prototype IPM motor
drive system. The switching frequency and sampling frequency
were both set to 10 kHz. The DC linkage voltage was 300 V.
Speed control was implemented in the dyno machine and the
IPM motor was under torque control. The i5; was controlled to
be zero and the 7, was controlled for electromagnetic torque
generation. The injection voltage magnitude V; was 70 V and
the speed IV; was set to 400 rpm. The frequency of the injected
sinusoidal voltage was 500 Hz.

In Fig. 8, the cost function becomes convex if the estimated
speed and position in the previous sampling time are used in
the modified cost function (7). Hence, the initial rotor position
needs to be detected as the initial value at the machine start-
up. In this paper, the initial position was estimated by the
methods mentioned in [1]. Since this paper is mainly focus
on the speed and position estimation at running state, all the

TABLE I
PARAMETERS OF [IPMSM AND DRIVE USED IN EXPERIMENT
Parameter Value
Number of pole pairs P 5
Rated current I 94 A
Rated torque T3 297 Nm
d axis inductance L4 10.5 mH
q axis inductance Lq 129 mH
Stator resistance Rs 400 mQ2
PM flux Apm 343.05mWb
DC link voltage Ug,. 300 V
Sampling time T’ 100 ps

results are under the assumption that the initial position has
already been known.

The position estimation error 6=0-0 may increase during
the speed or torque transients. The inaccurate initial position
estimation method may also lead to a large position estimation
error. The robustness of position estimators is reflected in
the capability of converging to the correct estimation from
a certain initial estimation error. Fig. 12 shows the conver-
gence range of the proposed position estimator at standstill
condition. With £86° initial error, the 10%-90% rise time ¢,
of the estimator is 0.028 s for both conditions. The practical
bandwidth f,, [44] can be calculated in

0.34

fbw = l, s

(10)

which is 12.14 Hz.

Position estimation error (elec deg)

Position estimation error (elec deg)

Time (s)

(b)

Fig. 12. Experimental results, convergence tests at standstill condition: (a)
positive initial error; (b) negative initial error.

Fig. 13 shows the speed and position estimations before and
after PLL. Fig. 13 (a) depicts the position estimation when the
speed changed from 100 rpm to -100 rpm. From this figure,
it is concluded that the speed and position are able to be
estimated by the optimization based estimator without PLL.
However, involvement of PLL reduces the noises especially
in the position estimation and improves the estimation quality.
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Fig. 13. Experimental results, speed and position estimation before and after
PLL: (a) position estimation at transients; (b) speed estimation.

B. Speed Transients Performance

In this section, the estimation performances of the proposed
estimator are tested when different speed steps are applied
by the dyno motor. Fig. 14 depicts the speed and position
estimation with a 50 rpm speed step change. The motor was
at standstill condition and then the speed reference increased
to 50 rpm and then changed to -50 rpm. Fig. 14 (a), (b) and (c)
illustrate the position estimation error, the position estimation
at speed transients and the speed estimation respectively.
Without extra load torque, the steady state position estimation
error is within 3° in electrical degree.

Position estimation error (elec deg)

5 10 15 20 25
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Fig. 14.  Experimental results, speed step change without load, 50 rpm:
(a) position estimation error; (b) position estimation at transients; (c) speed
estimation.

The test in Fig. 14 was repeated with 20% and 40% rated
torque applied by the IPM motor respectively. As shown

in Fig. 15 (a) and Fig. 16 (a), the maximum steady state
estimation errors increase to —5° with 20% rated torque and
—10° with 40% rated torque. At low speed, the proposed
position estimator relies more on the position information
contained in L, (6#(k)), which employs constant inductance
values. When the torque related ~y axis current are increased in
Fig. 15 and Fig. 16, the position estimation errors increase due
to the cross-saturation effect [45]. This torque related error can
be compensated by involving a current dependent correction
term mentioned in [46].

Position estimation error (clec deg)
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©

Fig. 15. Experimental results, speed step change with 20% rated torque,

50 rpm: (a) position estimation error; (b) position estimation at transients; (c)

speed estimation.

In order to benchmark the propose method, the widely used
pulsating voltage injection method [23]-[26] was implemented
on the prototype machine drive system as well. In this method,
the high frequency sinusoidal voltage is also injected in J
axis and the ~ axis current is demodulated for extracting
the speed and position information. Fig. 17 depicts the block
diagram of the demodulation based position estimator used in
the benchmark pulsating sinusoidal voltage injection method.
The bandwidth of the PLL used in the demodulation based
estimator was tuned to be 36 times larger than that of the
PLL used in the proposed position estimator, in order to
achieve similar bandwidths with the proposed method in
speed and current responses. In the proposed method, the
voltage used for the speed and position estimation is the
superimposition of both the injected high frequency voltage
and the fundamental frequency voltage. However, the position
estimation solely relies on the injection frequency voltage in
the benchmark reference method. Hence, the magnitude of
the injected voltage is kept constant at 70V in the benchmark
reference method.

The test shown in Fig. 16 was duplicated with benchmark
reference method and the results are shown in Fig. 18. As
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Fig. 16.  Experimental results, speed step change with 40% rated torque,
50 rpm: (a) position estimation error; (b) position estimation at transients; (c)
speed estimation.

shown in Fig. 18 (c) and Fig. 16 (c), both methods were tuned
to have the same 10% to 90% rise time (practical bandwidth
related). However, the 2% settling times of the speed step
change from 0 rpm to 50 rpm and from 50 rpm to -50 rpm are
4.3 s and 5.6 s respectively in the benchmark reference. In the
proposed method, the settling time for both speed transients
are only 0.1 s and 0.15 s. The settling times of the proposed
method are 40 times smaller than those of the pulsating
voltage injection method. The comparison also shows that the
proposed method has lower transient and steady state position
estimation errors. The maximum transient error is —26° with
pulsating voltage injection method and is —16° with the
proposed method. The estimated speed ripple is smaller with
the proposed method (10 rpm peak to peak) than that with
the pulsating voltage injection method (30 rpm peak to peak),
which is illustrated in Fig. 16 (c) and Fig. 18 (c). Hence, it can
be concluded that the proposed method outperforms sinusoidal
voltage injection based methods that use demodulation for
speed and position sensing in the prototype IPM motor drive
system.

Demodulation PLL
i i, NN
—| BPF(s,) —»(%)—» LPF PLL
)
sin(aw,t)
Fig. 17. Block diagram of the benchmark demodulation based position

estimator [24]-[26].

In Fig. 19, the 40% rated torque was added on the shaft
and the motor was tested with 100 rpm speed transients.

Position estimation error (elec deg)

i i | 1
30 5 10 15 20 3
Time (s)

(a)

Positions (elec deg)

s P
—+—Measured position

2 2.5 3 3.5 414 142 144 146 148 15
Time (s) Time (s)

: Estimated speed
S — Measured speed

Speeds (rpm)

Fig. 18. Benchmark reference, speed and position estimation with pulsating
voltage injection method with the same test shown in Fig. 16: (a) position
estimation error; (b) position estimation at transients; (c) speed estimation.

In Fig. 16 and Fig. 19, the steady state position estimation
error at 0 rpm, 50 rpm and 100 rpm with same 40% rated
electromagnetic torque are —10°, —8.5° and —1.5°. Since the
back-emf components become more significant as the speed
increases, the position estimation error is reduced at higher
speeds with the same torque applied on the shaft.

C. Torque Transients Performance

The speed and position estimation performance of the
proposed method and the benchmark reference were also
investigated with the torque transients tests. In Fig. 20, the
motor was running constantly at 200 rpm. The electromagnetic
torque changed from 40% rated torque to —40% rated torque.
The similar tracking performance is observed in the current
and speed transients in Fig. 20 (b) and (d). However, the
longer settling time, the larger position estimation ripple, the
larger steady state position estimation error and the larger
estimated speed ripple are obtained with the benchmark ref-
erence method in Fig. 20 (a) and (d). With the position
estimation errors in Fig. 20 (a), larger ¢ axis current ripples
are obtained with the benchmark reference method than the
proposed method, as shown in Fig. 20 (c). The high current
ripples will lead to higher torque ripples which degrades the
motor performance.

In Fig. 21, the motor was running at 300 rpm. The elec-
tromagnetic torque changed from 76% rated torque to —76%
rated torque. The torque change is reflected in the change of
i. The maximum transient position estimation error is within
15° electrical degree and the steady state estimation error is
within 2.5°. Compared with Fig. 16 and Fig. 19, the transient
and steady state position estimation errors are smaller with
heavier torque. This is due to the increase of the back-emf
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Fig. 19. Experimental results, speed step change with 40% rated torque, 100
rpm: (a) position estimation error; (b) current in -y axis; (c) position estimation
at transients; (d) speed estimation.

which is proportional to the motor speed. The same test shown
in Fig. 21 was also implemented with the pulsating voltage
injection based method. However, the estimation failed due to
the divergence of the estimator during the torque transients.

D. Wide Speed Range Operation

Fig. 22 illustrates the capability of sensorless operation
at wide speed range. The motor speeds changed between
different positive and negative values. The transitions between
low speed (with injection and modified cost function (7)) and
high speed (without injection and with original cost function
(6)) are smooth. The steady state position estimation error is
within £5° electrical degree.

E. Parameter Sensitivity Analysis

In order to better evaluate the robustness of the proposed
estimation method, the sensitivity of the motor parameters is
analyzed with contour plots in Fig. 23 and experimental testing
results in Fig. 24. In Fig. 23, the position estimation errors
are analyzed with 50% resistance variation, 50% permanent
magnet flux variation and 50% inductance variation (saliency
ratio is kept constant) assuming the motor is running at
300 rpm with 40% rated torque. The position estimation
errors under those parameter variations are 0°, 0° and 5.7°

40

Proposed method ¢

— *— Benchmark reference " *

Position estimation error (elec deg)

: :
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time (s)
(a)

Proposed method
* Benchmark reference

i(A)

Y

Proposed method
- — Benchmark reference

ig(A)

i i i i i i i i i
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time (s)
(©)
350 T T T T T T T T T
. : : : N : Proposed method
IEETTERED [RERERE e L= — Benchmark reference

Speeds (rpm)

Fig. 20. Comparison between proposed method and benchmark reference,
torque step change at constant speed, 200 rpm: (a) position estimation error;
(b) current in ~y axis; (c) current in ¢ axis; (d) speed estimation.

respectively. In the experimental tests shown in Fig. 24, the
motor was running at 300 rpm and the electromagnetic torque
changed from 40% rated torque to —40% rated torque. The
position estimation errors due to 50% resistance variation,
50% permanent magnet flux variation and 50% inductance
variation with 40% rated torque are 1.5°, 0.5° and 8.5°.
Under the same test condition, the position estimation errors
observed in experiment are larger than those in the theoretical
contour plot analysis due to the measurement noise and model
mismatch. Besides the 300 rpm and 40% rated torque test
condition with 50% parameter variations, the results shown
in Fig. 24 also illustrate the performance of the proposed
method at torque transients, —40% rated torque condition
and —50% parameter variations. From the results, it is clear
that the position estimation errors during the torque transients
are larger with £50% parameter variations than the original
values. Regarding the steady state estimation accuracy, the
proposed estimation method is less affected by the resistance
and permanent magnet flux variations. However, the steady
state position estimation errors change by around 7° electrical
degrees with +£50% inductance variations.

F. Computational Burden Analysis

The online optimization technique used in the real time
implementation of the proposed method was introduced in
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Fig. 21. Experimental results, torque step change at constant speed, 300 rpm:
(a) position estimation error; (b) current in  axis; (c) position estimation at

transients; (d) speed estimation.
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Fig. 22.  Experimental results, wide speed range operation: (a) position
estimation error; (b) speed estimation.

15 20 25

Section III. A certain number of iterations are both needed
in search the optimal coefficient £ and the minimum cost
in a certain decent direction. The maximum iterations that
the MicroAutoBox II can handle with 10 KHz sampling
frequency is 18 iterations and the minimum iteration number
is 1. The computational burden is reflected in the turnaround
time (TAT) of the control system. The TATs of the proposed

300
200
E 100
e
5 0
5
=
8 -100
o
wv
-200
2300 foeeee
300
200
E‘ 100
z
g
5 0
=
3
& -100
-200
-300 T
i i H i //,/
0 50 100 150 200 250 300
Position error (elec deg)
(b)
300
200
E 100
E
g o
5
=
g -100
a
wv)
200 :
-300 S

0 50 100 150 200 250 300

Position error (elec deg)
(©)
Fig. 23. Parameter sensitivity contour plot analysis at 300 rpm with 40%
rated torque: (a) 50% resistance variation; (b) 50% permanent magnet flux
variation; (¢) 50% d-q axes inductances variation.

method with maximum and minimum iterations are 85 us
and 33 s respectively. The TAT of the benchmark reference
method is 29 ps which is close to the proposed method
with minimum iteration. The estimation performances of the
proposed method with maximum and minimum iterations and
the benchmark reference method are compared in Fig. 25.
The test conditions in Fig. 25 (a) and (b) are consistent with
Fig. 19 and Fig. 20, which illustrate the speed and torque
transients respectively. From the comparison of position esti-
mation errors, it is concluded that the proposed method with
minimum iteration has similar performance with maximum
iterations. This performance similarity is due to the capability
of executing the online optimization in the sampling frequency.
Moreover, the TAT of the proposed method with minimum
iteration is close to the benchmark reference but outperforms
the benchmark reference method in dynamic response speed
and steady state estimation accuracy.

G. Low Sampling Frequency Estimation Capability
Estimating speed and position with low sampling frequency

is attractive for high power AC motor drives, which is chal-

lenging for the demodulation based position estimators at
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Fig. 24. Parameter sensitivity experimental test results: (a) £50% resistance
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Fig. 25. Estimation performance validation with different iterations: (a) speed
transients; (b) torque transients.

low speed. These estimators rely on the demodulation of the
carrier frequency components that usually have much higher
frequency than the fundamental frequency components. In the
benchmark reference method, the frequency of the injected
sinusoidal voltage is 500 Hz. If the sampling frequency is
10 KHz, the sinusoidal waveform can be sampled properly.
However, if the sampling frequency is reduced to 2 KHz, there
are only 4 samples in each sinusoidal period, which affects the
estimation. The demodulation based method fails to extract
speed and position information in the prototype motor drive
system with 2 KHz sampling frequency while the proposed
method is able to deliver the estimation.

Fig. 26 depicts the speed and position estimation results
of the proposed method with 2 KHz sampling frequency.
The testing condition is consistent with Fig. 16. From the
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Fig. 26. Capability of delivering speed and position estimation with low
sampling frequency.

comparison it is clear that the transient position estimation
error increases with 2 KHz sampling frequency than that with
10 KHz sampling frequency, but the steady state estimation
accuracies are very close in the two cases. The capability
of performing speed and position estimation at low sampling
frequency would make the proposed method promising in high
power AC motor drives.

V. CONCLUSION

In this paper, a novel nonlinear optimization based speed
and position estimation algorithm has been proposed. A cost
function is defined based on the voltage equations in the sta-
tionary reference frame and the speed and position information
can be obtained by minimizing the cost function. At low speed,
the cost function is modified and extra high frequency voltage
is injected to prevent the singularity at zero speed. Since the
position estimator structure remains the same from standstill
condition to high speed, a unified speed and position estimator
is proposed for the IPM motor drives at wide speed range.
The effectiveness of the cost functions has been validated with
contour plot analysis and convexity analysis.

The real time implementation of the proposed estimator has
been introduced and the feasibility of the proposed method has
been validated with the prototype IPM motor drive system.
The convergence range, performance with different speed and
torque transients, computational burden and parameter sensi-
tivity of the proposed method are presented in this paper. The
experimental results demonstrate that the proposed method is
capable of estimating the speed and position robustly with high
accuracy and fast convergence.

At low speed and standstill conditions, the performances
of the proposed method and the pulsating voltage injection
based method have been compared under different test condi-
tions. The proposed method outperforms with faster dynamic
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response speed and lower transient and steady state estimation
errors. Moreover, the proposed method is able to deliver speed
and position estimation at 2 KHz sampling frequency, which is
not realistic with the pulsating voltage injection based method.
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