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Improved Rotor Position and Speed Estimators for
Sensorless Control of Interior Permanent-Magnet
Synchronous Machines

Yue Zhao, Student Member, IEEE, Wei Qiao, Senior Member, IEEE, and Long Wu, Senior Member, IEEE

Abstract—Model-based rotor position/speed estimators are
commonly used for sensorless control of interior permanent-
magnet synchronous machines (IPMSMs) operating in the
medium- and high-speed regions. A rotor position/speed esti-
mation scheme usually contains three major parts: 1) a state
observer; 2) a position estimator; and 3) a speed estimator.
This paper proposes a sliding-mode observer (SMO) as the
state observer to estimate the position-related system states,
which are the extended electromotive force components in this
paper. Then, two major contributions are made to achieve
improved position and speed estimation. First, the rotor speed is
estimated independently using a model reference adaptive system
(MRAS)-based method, which is decoupled from the position
estimation. To reduce the noise contents in the estimated speed,
an adaptive line enhancer is proposed to work with the SMO,
leading to an improved reference model for the speed estimation.
The proposed MRAS-based speed estimator has two operating
modes, which are suitable for generator and motor applications,
respectively. Second, the estimated rotor speed is used as a
feedback input signal to mitigate the oscillating error in the
estimated rotor position, leading to an integrated position and
speed estimation system. The effectiveness of the proposed
position and speed estimators is verified by simulation using the
data logged from a real-world test vehicle. Experimental results
on a test stand of an IPMSM drive system used in off-road,
heavy-duty hybrid electric vehicles are also provided to further
validate the proposed rotor position/speed estimation schemes.

Index Terms—Interior permanent-magnet synchronous
machine (IPMSM), model reference adaptive system (MRAS),
position/speed estimation, sensorless control.

I. INTRODUCTION

NTERIOR permanent-magnet synchronous machines
(IPMSMs) are widely used in electric and hybrid electric
vehicle systems owing to their distinctive advantages, such
as high efficiency, high-power density, and wide constant
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power region. To achieve high-performance vector control for
IPMSMs, accurate rotor position information is indispensable,
which, in conventional IPMSM drive systems, is usually
obtained using rotary encoders or resolvers. This increases the
cost, size, and wiring complexity and reduces the mechanical
robustness and reliability of the IPMSM drive systems.
To solve these problems, much research effort has gone into
the development of rotor position/speed sensorless drives that
have comparable dynamic performance to sensor-based drives
during the last decades [1].

In the medium- and high-speed regions of sensorless
IPMSM drive systems, the rotor position and speed are
commonly estimated by model-based methods using sensed
machine currents and sensed or commanded machine termi-
nal voltages [2]-[8]. There are three major parts in those
model-based position/speed estimation schemes: 1) a state
observer to estimate the position/speed related system states,
e.g., extended electromotive force (EEMF) [5]; 2) a posi-
tion estimator to extract the rotor position information from
the estimated states or rotor speed; and 3) a speed esti-
mator to extract the rotor speed from the estimated states
or rotor position. Several state observers, as shown in
Fig. 1(a), have designed based on the full-order IPMSM model
[2], [3] for simultaneous rotor position and speed estimation.
However, these state observers are usually complicated since
they were built on high-order, e.g., fourth-order, IPMSM
models. In addition, it is difficult to guarantee the convergence
of both speed and position estimation simultaneously under
fast varying speed/torque conditions. To simplify the observa-
tion algorithm and improve the dynamic state tracking perfor-
mance, several state observers, such as disturbance observers
[4], [5] and sliding-mode observers (SMOs) [6], [7], have
been designed to effectively estimate the position/speed related
system states based on reduced-order, such as the second-
order, IPMSM models in sensorless IPMSM drive systems.
From the estimated states either rotor position or speed can
be obtained. Then, the other one can be calculated according
to the relationship between speed and position.

Two major types of state observers have been designed
based on the reduced-order, e.g., second-order, IPMSM mod-
els, as shown in Fig. 1(b) and (c). The method presented in [4]
was performed in the rotor reference frame, where the rotor
speed was first estimated form the estimated system states
and then the rotor position was obtained by integrating the

2168-6777 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Illustrations of different types of rotor position/speed estimation meth-
ods. (a) Parallel structure with position and speed estimated simultaneously
and series structure with (b) position estimated first and (c) speed estimated
first.

estimated rotor speed. In contrast, the methods presented in
[5]-[8], were performed in the stationary reference frame,
where the rotor position was extracted directly from the
estimated system states using an arctangent, phase-locked
loop (PLL), or Luenberger observer. The rotor speed can then
be obtained from the estimated rotor position. In practical
applications, due to the cascaded structure, the performance of
the position and speed estimators may not be acceptable during
large load and machine parameter variations. For example,

there are several inherent drawbacks in the position/speed
estimation method in Fig. 1(b). First of all, since the position
estimator and the speed estimator are connected sequentially
without a feedback or other adjustment schemes, any error will
propagate in the loop. For instance, if the state observer has
improper gains, the performance of the following position and
speed estimators will be affected. Since the speed estimator is
the last module in the loop, it will be affected by the perfor-
mance of all the subsystems prior to it. Second, the position
estimation is sensitive to load variations. Since the speed is
calculated from the estimated position, the speed estimation is
also sensitive to load variations.

An effective solution to the problems of the estimators
shown in Fig. 1(b) and (c) is to decouple the rotor speed and
position estimation, i.e., estimating speed and position inde-
pendently. In this paper, an SMO [7] is designed to estimate the
EEMF of an IPMSM. Based on the estimated EEMF, the rotor
position and speed are estimated separately. A model reference
adaptive system (MRAS)-based speed estimator [9] is pro-
posed to estimate the rotor speed using a heterodyning speed
adaption mechanism. An adaptive line enhancer (ALE) is
proposed to filter the estimated EEMF without introducing any
phase delay between the original and filtered EEMF compo-
nents. Compared with the case without the ALE, the SMO plus
the ALE provides an improved reference model in the MARS.
The proposed MRAS speed estimator has two different oper-
ating modes, which can be utilized for different IPMSM appli-
cations in vehicles, such as traction motors and generators.

Among different state observers used in the model-based
sensorless control schemes, the SMO is a promising can-
didate due to the feature of high robustness to system
structure and parameter uncertainties. In particular, the sliding-
mode technique is becoming more and more attractive due
to the widespread use of digital control systems over the
last two decades. The conventional sliding-mode technique
[10] requires a high-sampling frequency to ensure the proper
operation of the observer. In a discrete-time SMO, to facilitate
digital implementation, the observer input is calculated once
per sampling period and is held constant during this interval.
Due to the limited sampling frequency, the trajectory of the
state of interest is unable to exactly move along the sliding
surface, leading to a quasisliding-mode motion [11], [12].
In the previous work of the SMO-based sensorless PMSM
drives [6]-[8], a high-sampling frequency is always required.
Without oversampling, the performance of the SMO will be
poor and unacceptable [13].

In industrial applications, such as generators in electric vehi-
cles, considering switching losses as well as thermal and elec-
tromagnetic interference (EMI) issues, the switching frequency
of the rectifiers/inverters is usually selected such that there are
10-20 switching cycles per electric revolution. In the vector
control, the phase currents are usually sensed once per switch-
ing cycle. When using the sensed currents for position/speed
estimation, the low-sampling ratio of the phase current will
pose challenges to the application of a discrete-time SMO,
where the sampling ratio is defined to be the number of current
samples per electric revolution. As a result, the waveforms
of the estimated EEMF components will have distortions,
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which will include both phase shift and magnitude variation.
In this case, conventional position estimators, e.g., the PLL,
will suffer an oscillation problem when extracting the posi-
tion information from the distorted EEMF components. The
estimated rotor position will have large noise and errors.

To further improve the quality of position estimation, this
paper proposes a novel estimated rotor speed feedback-based
oscillation mitigation scheme [14]. This scheme has a filter-
ing effect on the estimated position to mitigate the position
oscillation caused using a low-sampling ratio. The proposed
MRAS-based rotor speed estimator and the SMO-based rotor
position estimator with the oscillation mitigation algorithm
lead to an integrated position/speed estimation system with
improved estimation performance for sensorless control of
IPMSMs. The effectiveness of the proposed rotor position
and speed estimators is verified by simulation studies using
real-world data logged from a test hybrid electric vehicle.
Experimental results obtained from a test stand of an IPMSM
drive system used in off-road, heavy-duty hybrid electric
vehicles are also provided to further validate the proposed rotor
position and speed estimators.

II. CONVENTIONAL MRAS-BASED ROTOR
SPEED ESTIMATOR FOR IPMSMSs

The MRAS [15]-[22] is an effective scheme for speed
estimation in different motor drives, e.g., PMSMs [21], [22],
induction motors [15]-[19], and brushless dc motors [20].
In a MRAS, an adjustable model and a reference model
are connected in parallel. The structure of a typical
MRAS-based speed estimator is shown in Fig. 2. In this paper,
the EEMF is estimated using an SMO [7], which contains
the information of the rotor speed and is a good candidate
for the reference model. Then, an adjustable model should be
designed to output the EEMF as well while using the rotor
speed as an internal state, whose value is updated (estimated)
by an adaptive mechanism. With a proper adaptive mechanism,
the output of the adjustable model is expected to converge to
the output of the reference model. In this case, the internal
states of the two models should be identical. Thus, the rotor
speed estimated by the adaptive mechanism will converge to
the actual rotor speed contained in the reference model. From
this point of view the adjustable model is a kind of adaptive
filter/observer.

The design of the adjustable model is originated from the
EEMF model of an IPMSM, which can be expressed as

R+ pLy

I:Ua:|:|: wre(Ld_Lq)i||:iai|_’_|:Eai|(1)
vg CUre(Lq —Lg) R+ pLy ip Eg
where p is the derivative operator; v, and vy are the stator
voltage components defined in the af stationary reference
frame; i, and ig are the stator current components defined
in the af stationary reference frame; w,. is the electrical
rotor speed; R is the stator resistance; and Ly and L, are the
d-axis and g-axis inductances in the rotor reference frame,
respectively; and the EEMF components Eqp = [E,, Eﬁ]T
are defined as

[gﬁ} ~[(La = Lo)(@reia = pig) + Orein] [‘Cfs“ﬂ e
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Fig. 2. Schematic of the conventional MRAS-based rotor speed estimator.

Using a properly designed SMO, the estimated EEMF
components, Eaﬁ = [Ea, E ﬁ]T, can be obtained. If the rotor
speed changes slowly, i.e., dw,./dt =~ 0, which is true when
the IPMSM operates in the medium- and high-speed regions,
the derivatives of the estimated EEMF components can be
calculated as

. 3)

Ea = _wreéﬂ
Eﬁ = wreEy.

The adjustable model can be designed by following the form
of (3) as follows:

E,| . T0=17 [E,] [Lu Li2] [Es - E,
o | 1L | E 2 4
|:E~ﬁ:| @re [1 0 :| |:Eﬂi| + |:L21 L22:| |:Eﬁ _ Eﬂi| 4
—— —_—
J L

where Eaﬁ = [E"a, E ﬁ]T is the output vector of the adjustable
model, which is also a vector of estimated EEMF components;
@y s the estimated electrical rotor speed, which is the output
of the adaptive mechanism; L is the MRAS gain matrix, which
can be configured using a linear observer design technique,
e.g., pole assignment [20]. In practical applications, the oft-
diagonal elements, L>; and Li, can be set to be zero [20]
to simplify the design procedure. Based on the outputs of the
adjustable model and the reference model, the rotor speed can
be estimated using a proportional—integral (PI) speed regulator
as follows:

bre = (kp + %) [(Eaﬁ - Eaﬁ)T - Eaﬁ} NG)

III. PROPOSED MRAS-BASED ROTOR SPEED ESTIMATOR

In the previous section, the conventional MRAS-based rotor
speed estimator using an SMO as the reference model has been
discussed. However, in a practical IPMSM drive system, the
SMO may not be an effective reference model due to sev-
eral reasons. First, the inherent nonlinearity of the switching
function, e.g., the sign function or saturation function, used in
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the SMO will bring heavily noisy contents into the output of
the SMO. Second, the EEMF of an IPMSM is both torque- and
speed-dependent. Rewrite the expression of the EEMF defined
in (2) in the following form:

Ea(t) _ —Sin[wre(t)’t+90]
[Eﬁ(r)}_”(”'[ cos[wre(t)-rwo]} ©

where 6y is the initial rotor position. The magnitude of the
EEMF, 75(¢), is time-variant and depends on the magnitudes
of both currents and rotor speed. Under fast varying load
conditions, the current derivative term, pig, could be a large
and varying component, which results in a larger variation
in #7(¢). In addition, when the torque is not constant, the
rotor speed, wy., will have an oscillation due to imperfect
rotor speed regulation. Considering these issues, an ALE is
designed to effectively filter out the noisy contents from the
estimated EEMF components. The resulting SMO with the
ALE provides an improved reference model for the MRAS.
In addition, a heterodyning speed adaption mechanism is pro-
posed to replace the adaptive mechanism (5). Compared with
(5), the proposed heterodyning speed adaption mechanism has
the following advantages: 1) it has a lower computational
cost and 2) it is easier to design its PI gains because it
only relies on the normalized values of the estimated EEMF
components.

A. Adaptive Line Enhancer

Consider a noisy signal, which consists of a few desired
sinusoidal components. When the frequencies of the sinusoidal
components in the noisy signal are known, a fixed filter will be
sufficient to extract the sinusoidal components. However, when
the sinusoidal frequencies of the noisy signal, e.g., the EEMF
components in (6), are unknown or time-varying, an adaptive
filter will be required. The ALE [23] is a good candidate of
such an adaptive filter. Consider that a noisy input signal x (n)
of the ALE contains X sinusoidal components and can be
modeled as follows:

X
x(n) :Zai sin [wjn + 6;] + v(n) )

i=1

where w;, a; and 6; are the frequency, amplitude, and phase
angle of the ith sinusoidal component, and v(n) is the noise,
which may not be white. Suppose that any two samples of the
noise term which are more than M sampling intervals apart
are uncorrelated with each other. In this case, the ALE is an
M -step-ahead predictor. Fig. 3 depicts the block diagram of
the ALE, which predicts the sinusoidal components in x(n),
while filtering out the noise component. When the filter
W (z) is adapted to minimize the mean-square error between
the output and input signals, the ALE will be a filter tuned
to only extract the sinusoidal components. The output of
the filter, y(n), will be an approximation of the sum of the
sinusoidal components. Consider (6) again, if the currents
and rotor speed are time-variant, the EEMF components can
be modeled as the sums of all the sinusoidal components

<

3
Wan)
SNPAS

Fig. 3. Block diagram of the ALE.
8 T T T
£
=
8 1 l 1
0.05 0.1 0.15 0.2 0.25
6
L)
© 4
S
o 2}
w©
5 0
£ * -
E 4l T SR —+— Desired Signal
Z : : ——=yin)
0.05 0.1 0.15 0.2 0.25
Time (s)
Fig. 4. Simulation result of the filtering performance of the ALE for an

artificial data input.

with different frequencies as follows:

H
E, ()| _ —a; sin [w;t + 6; ()] + vi (t)
|:Eﬂ (t)i| _Z{ a; cos[wit—l—@i(t)]—i-vi(t)] ®)

where w;, a; and 6;(¢t) are the frequency, amplitude, and
time-varying phase angle of the ith component; v;(¢) is the
corresponding noise; and H is the number of the sinusoidal
components. The number of the filter taps, K, in Fig. 3 should
be greater than H, and the tap weight matrix, w = [wo,
wi, ..., wg], can be calculated online using the well known
least-mean-square algorithm

w(n + 1) = w(n) + 2ue(n)x(n) ©)

where u is the step size for w adaption.

The simulation result for a simple case study is shown
in Fig. 4. The desired signal consists of three sinusoidal
components with the frequencies of 60, 120, and 180 Hz,
respectively. The power of the noise is equal to that of the
desired signal. The sampling frequency is 6 kHz. As the
result shows, the ALE effectively filters out the noise contents
without any phase shift or magnitude decrease. The output of
the ALE converges to the desired signal within 30 samples.
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B. Heterodyning Speed Adaption Mechanism

In addition to the ALE, a heterodyning speed adaption
mechanism is designed to replace (5). Based on the two
estimated EEMF vectors, Eaﬁ and Eaﬁ, in the MRAS, the
heterodyning speed adaption scheme can be expressed as

ki S -
C’(\) — k + _t (El‘l El‘l _ EnEn)
re ( p S) L a=p
where the superscript n stands for the normalized values of
the quantities with respect to their amplitudes. Let 6 and 6

represent the rotor positions obtained from Eaﬁ and Eaﬁ,
respectively, and define

(10)

E;’ﬁ =[—sind cosé]r and E;’ﬁ =[—sind cosé]T. (11
Substituting (11) into (10) yields

~ k; ~ ~ ~ ~
Ore =560 = (kp + —l) (—cosd sinf + sind cos b))
s

AN ki
- (k,, + —’) sin (0 — ) “"=5~ (kp + —’) A. (12)
S S

Then the transfer function can be expressed as
2: 2kps+ki . (13)
9 sc+kps+k;

Equation (13) represents a second-order system which has
one zero. The dynamic behavior of (13) depends on the PI
gains, which can be determined by properly placing the poles
of the characteristic polynomial of the transfer function.

Compared with the conventional speed adaption mechanism
(5), the proposed scheme (10) consumes less computational
time and is easier for digital system implementation. In
addition, since (10) relies on the normalized values of the
estimated EEMF components, whose amplitudes are limited
within [—1, 1], it will be easier to design the PI gains compared
with that when using (5), which relies on the estimated EEMF
components with varying amplitudes.

C. Overall Rotor Speed Estimator

The overall schematic diagram of the proposed rotor speed
estimator, including the SMO proposed in [7], the ALE, the
heterodyning speed adaption mechanism, and the adjustable
model, is shown in Fig. 5. A proof of the stability of

the proposed speed estimator using Popov’s hyperstability
criterion is provided in the Appendix. The proposed speed
estimator has two operating modes, which are suitable for
different applications. In Mode I (M1), the error feedback

to the adjustable model is the difference between the Egﬁ

and E(’;ﬁ. Due to the filtering effect of the ALE, the dynamic
response of speed tracking will be slightly affected. However,
the estimated speed will have less noise contents, which results
in a smooth speed profile. Therefore, Mode I is suitable
for generator applications, in which the rotor speed of the
generator is normally maintained by a prime mover machine,
and the sensorless control performance is not sensitive to the
estimated rotor speed.

In Mode I (M2), the error feedback to the adjustable model
is the difference between Z, and E"Z . Since Z}, is the
unfiltered normalized output of the SMO, sending ZZﬂ back
to the adjustable model will force the output of the adjustable
model to approach the unfiltered EEMF estimated from the
SMO. This scheme does not have the misadjustment caused
by the ALE during abrupt speed changes and improves the
dynamic response of speed tracking. However, the estimated
rotor speed will have relatively larger noise contents compared
to that in Mode I, which will result in ripples in the estimated
rotor speed. Mode 1I is suitable for motor drive applications,
in which the sensorless control requires accurate rotor speed
information without any delay, especially when the drive
system is operated in the speed control mode.

IV. OSCILLATION MITIGATION SCHEME FOR ROTOR
POSITION ESTIMATION USING ESTIMATED
ROTOR SPEED FEEDBACK

A. Problem Description

Per previous discussion, in a discrete-time SMO, the reach-
ing law will force the state trajectory moving toward the
designed sliding surface. However, due to the use of a finite
sampling frequency, the trajectory of the state of interest
cannot exactly move along the sliding surface. As a result,
the state tracking errors cannot be fully eliminated, namely,
the state trajectory will have a bounded motion around the
sliding surface and cause a chattering problem. The amplitude
of chattering can be reduced by increasing the sampling
rate, but cannot be eliminated unless the sampling period
T; — 0 [10]. In a practical electric drive system, due to
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switching losses, EMI, and thermal issues in the inverter
and limited computational resource, the sampling frequency
should be selected appropriately according to the system
dynamics to guarantee fast response [24], instead of for the
sake of the control algorithms. When designing the rotor
position estimator, if the rotor position is extracted from
the estimated EEMF by an SMO which has a chattering
problem, there will be an oscillating error between the actual
and estimated rotor positions. An appropriate method is
needed to mitigate the oscillating rotor position estimation
error.

B. Oscillation Mitigation Scheme Using the
Estimated Rotor Speed Feedback

As presented in Section III, the rotor speed can be estimated
by the proposed MRAS-based speed estimator. Denote the

Overall schematic diagram of the proposed sensorless control scheme for an IPMSM.

estimated rotor speed in the ith sampling period as @,.[i]. In
the steady state, suppose that the rotor speed is maintained
as a constant during one sampling period, the change in
the position during the ith sampling period, Af,[i], can be
estimated as

AGylil = dyeli] x Tili] (14)

where T is the sampling period.

Equation (14) provides additional information on the change
in the rotor position, which can be used to mitigate the
oscillating problem of the rotor position obtained from the
EEMF estimated by the SMO. Using the rotor speed as a
feedback input signal, the rotor position can be estimated as
follows:

Olil=0[i — 114+ 42 x AG[i]1+ (1 — 4) x Ab,li] (15
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TABLE I
SPECIFICATIONS OF THE IPMSM

Maximum power 155 kW Stator resistance 0.01 Q
Maximum torque 300 Nm Base speed 5000 RPM
Rated Current 400 A Pole pairs number 4

Average Lq 0.2 mH Average L, 0.75 mH
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Fig. 8. Real-world vehicle data profiles used for simulation studies.
where 0[i] is the estimated rotor position in the ith sam-
pling period; 6[i — 1] is the estimated rotor position in the
previous sampling period; Af[i] = 6Osmoli]l — O[i — 1],
where Osmo[i] is the rotor position obtained directly from the
SMO-estimated EEMF components using the arctangent
operation; 4 is a weighting factor used to adjust the contri-
bution of the estimated speed in the position update. If 1 =1,
then 6[i] = Osmoli], which means that there is no speed
feedback. Otherwise, if A = 0, the rotor position is updated
using the estimated speed feedback only.

Different from the estimated rotor speed feedback-based
oscillation mitigation scheme presented in [14], in which the
rotor speed was calculated from the estimated position using
a moving average (MA) filter, in this paper, the rotor speed
is estimated using the proposed MRAS-based estimator. Since
the proposed speed estimator has a better dynamic response
compared with the MA filter, the oscillation mitigation perfor-
mance of the method presented in this paper is better than that
presented in [14]. Both simulation and experimental results
will be presented later to verify this statement. Fig. 6 shows the
schematic of the proposed improved rotor position estimator.

V. OVERALL SENSORLESS CONTROL SCHEME FOR
AN IPMSM DRIVE SYSTEM

Fig. 7 shows the overall schematic diagram of the pro-
posed sensorless control scheme for an IPMSM, where the
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Fig. 9. Speed estimation results using the proposed speed estimator and an
MA filter.

rotor position and speed are estimated using the proposed
estimators. The outer loop of the control scheme is a speed PI
regulator, which is used to generate the torque command based
on the speed tracking error. The base torque is the maximum
allowable output torque at each speed point, which is obtained
from a 2-D lookup table. The torque percentage, i.e., the ratio
between the commanded torque and the base torque, is used
as one argument to determine the current command. Since the
dc-bus voltage will affect the optimal current commands of
the drive system, a voltage/speed ratio is used as the other
argument to determine the current commands. The current
commands are then generated by two lookup tables based on
the torque percentage and voltage/speed ratio. Other modules
of the drive system, including coordinate transformations,
current regulators with feedforward voltage compensation,
space vector pulse-width modulator, three-phase inverter, and
IPMSM, are also shown in Fig. 7. The major parameters of
the IPMSM used in both simulation and experiments are listed
in Table L.

VI. SIMULATION RESULTS

Simulation studies using the data logged from a real-world
test vehicle are performed. The effectiveness of both the
proposed MRAS-based rotor speed estimator and the
oscillation mitigation scheme for rotor position estimation
is validated by simulation results. The overall sensorless
IPMSM drive system presented in Section V is implemented
in MATLAB/Simulink.

A. Simulation Results of the MRAS-Based
Rotor Speed Estimator

Real-world vehicle data are used for simulation studies to
verify the performance of the proposed MRAS-based rotor
speed estimator. The data were logged from an IPMSM
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operating as a generator on a test off-road vehicle. Fig. 8 shows
the torque and speed of the IPMSM and the dc-bus voltage
of the vehicle during one typical driving cycle. In the simula-
tion, the IPMSM is operated in the torque control mode using
the profile shown in Fig. 8 as the torque command. When the
torque has a higher slew-rate change, e.g., around 104 s, an
obvious abrupt speed dip is observed correspondingly, which
is a critical period for performance evaluation of the proposed
rotor speed estimator.

The corresponding simulation results of the rotor speed are
shown in Fig. 9, which includes the speed command, the
estimated speed obtained from the estimated rotor position
using an MA filter, and the speeds obtained from the proposed
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Fig. 12.  Comparison of simulation results of the methods presented in

this paper and in [14]. (a) Output torque profile of the IPMSM generator.
(b) Position estimation errors.
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Fig. 13. Schematic of the test stand for the IPMSM.

MRAS speed estimator in both operating modes. During the
large speed transient around the 104th second, the speeds
estimated by the MA and the proposed MRAS in Mode I
can track the desired value. However, both of the estimated
speeds have obvious delays and relatively large estimation
errors caused by the large load transition, where the maximum
speed estimation error of MA reaches 150 r/min, i.e., 3%
when using 5000 r/min as the base. Compared to the MA
and the MRAS in Mode I, the delay in the speed estimation
is negligible and the magnitude of the speed estimation error
obtained from the MRAS in Mode II with respect to the speed
command is always smaller, i.e., less than 1%.

B. Simulation Results of the Oscillation Mitigation Scheme
in the Proposed Rotor Position Estimator

Simulation studies are performed to compare the perfor-
mance of the proposed rotor position estimator without and
with the estimated rotor speed feedback-based oscillation



ZHAO et al.: IMPROVED ROTOR POSITION AND SPEED ESTIMATORS FOR SENSORLESS CONTROL OF IPMSMs

.
=
=

[t}
=
=

Torque
Command (Nm)

fa
=
=

—+ —Measured Speed
—+— Estimated Speed

Rotor Speeds (RPM)

: : .
0.5 1 1.5 2 2.5 3

Error (RPM)

: i :
1] 0.5 1 1.5 2 2.5 3
Time (s)

Speed Estimation

Torque
Command (Nm)

4000

=+ —Measured Speed
—+— Estimated Speed

4200 %

4400 -

Rotor Speeds (RPM)

Speed Estimation
Error (RPM)
[—]

100
0

Time (s)
(c)

Torque
Command (Nm)
=

F
=
=

Torque
Command {(Nm)
8] oY)

S = S

—+—Measured Speed
—+— Estimated Speed

Rotor Speeds (RPM)

=
2
‘E' =

o
=N
i
o 2
@ = :
Suw : : :
o _1["] 1 1 1 1 1
w 0 0.5 1 1.5 2 2.5 3

Time (s)
(b)

e
=
=

Pt
=2
=

tha
=
=

S
=
=

0
4000

—+ — Measured Speed
Estimated Speed

—

4400

4600

Rotor Speeds (RPM)

4800

-
=
=

=

Error (RPM)

100 i ; i i i
0 0.5 1 1.5 ) 25 3

Time (s)
(d)

Speed Estimation

Fig. 14. Experimental results during complete torque reversals (a) from full motoring to full braking using the conventional MRAS; (b) from full motoring
to full braking using the proposed MRAS in Mode II; (c) from full braking to full motoring using the conventional MRAS; and (d) from full braking to full
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mitigation scheme, and the steady-state results are shown in
Figs. 10 and 11, respectively. In the simulation, the rotor speed
is 3000 r/min and the corresponding fundamental frequency
of the EEMF is 200 Hz; the weight A in (15) is selected to
be 0.1. In Fig. 10, due to the noise contents in the estimated
EEMF, the estimated position has many oscillations, and the

position estimation error is relatively large within +10 electric
degrees, as shown in Fig. 10(c). As Fig. 11(a) shows, the
estimated EEMF is exactly the same as that in Fig. 10(a),
since the oscillation mitigation algorithm only modifies the
estimated position, but has no effect on the EEMF estimated
by the SMO. As shown in Fig. 9, the speed estimation error is
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always smaller than 1%, namely, the speed estimation error is
limited within +30 r/min when the rotor speed is 3000 r/min.
Using the maximum speed estimation error of 1% of the
operating speed (i.e., 30 r/min) in this simulation paper, for one
sampling period, the position estimation error caused by the
speed estimation error is only 0.12 electric degrees, which is so
small such that has little effect on the position estimation. As
shown in Fig. 11, using the proposed rotor position estimation
algorithm, the estimated and measured rotor positions are on
top of each other. The position estimation error is almost
limited within £3 electric degrees. The position oscillation
problem has been significantly mitigated at steady state, when
compared with the position estimator without the proposed
oscillation mitigation scheme.

The transient performance of the proposed oscillation mit-
igation scheme is also evaluated using the real-world vehicle
data shown in Fig. 8. Fig. 12 compares the rotor position
estimation errors obtained from the methods presented in
this paper and in [14]. In this paper, the rotor speed is
estimated using the proposed MRAS-based speed estimator.
While in [14], the rotor speed is estimated from the estimated
rotor position using an MA filter. As shown in Fig. 12(b),
when the generator torque is constant or has a slow slew-rate
variation, the two methods have almost identical oscillation
mitigation performance. However, when the generator torque
has abruptly changes, e.g., around 99.7 and 102 s, due to the
delay in the estimated speed caused by the MA filter, large
position estimation errors (>20 electric degrees) are observed
when using the method presented in [14]. On the contrary,
the abruptly torque changes have no effect on the position
estimation error when the method presented in this paper is
used.

VII. EXPERIMENTAL RESULTS
A. Experimental Test Stand Description

A test stand is designed to further validate the proposed
rotor position and speed estimators. In the test stand, a prime
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Comparison of position estimation errors obtained from the proposed rotor position estimator without and with the oscillation mitigation scheme

mover machine and a test IPMSM are connected back to back
sharing a common 700 V dc bus, which is served by a dc
power supply. The prime mover machine maintains the shaft
speed while the IPMSM works as a generator in the torque
control mode. The schematic of the test stand is shown in
Fig. 13. The specifications of the test [IPMSM are listed in
Table L.

B. Performance Evaluation for the Proposed
MRAS Rotor Speed Estimator

Complete torque reversals, i.e., reversing the torque from
the rated motoring torque to the rated braking toque and vice
versa, are used to mimic a large load transient in Fig. 8.
The performance of the conventional MRAS and the proposed
MRAS in Mode II in the complete torque reversal tests is
compared in Fig. 14. Because of the fast torque reversals, the
rotor speed has sudden changes, e.g., around 500 r/min drop
in Fig. 14(a) and (b) and 500 r/min increase in Fig. 14(c)
and (d). Both the conventional MRAS and the proposed
MRAS in Mode II can track the speed changes. However,
the speed estimated form the conventional MRAS has an
unwanted large oscillation as highlighted in the dashed-line
circles in Fig. 14(a) and (c). On the other hand, no obvious
unwanted oscillation is observed in the speed estimated from
the proposed MRAS in Mode II. Using 5000 r/min as the
speed base, the speed estimation error of the proposed MRAS
in Mode Il is always smaller than 1% in steady state and during
large load transient; while the speed estimation error is nearly
2% during large load transient when using the conventional
MRAS.

C. Performance Evaluation for the Proposed Rotor
Position Estimator

Fig. 15 compares the position estimation errors obtained
from the proposed rotor position estimator without and with
the oscillation mitigation scheme using different weight A.
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In all of the tests, the rotor speed is 3000 r/min and the sam-
pling frequency of current measurements is 6 kHz. The effect
of the rotor speed feedback on the rotor position estimation
reduces with the increase of 1. When 4 is larger than 0.8,
the speed feedback has little effect on the estimated position.
Even when A decreases to 0.5, it is not obvious to observe the
position filtering effect. However, when A further decreases
to 0.3 and 0.1, the magnitude of oscillation of the position
estimation error is reduced significantly, and the variance of
the oscillation becomes closer to zero. As Fig. 15(a) shows,
when 4 = 0.1, the position estimation error is limited within
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Fig. 18. Comparison of transient performance of the methods proposed in
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Fig. 19. Comparison of transient performance of the methods proposed in
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+2 electric degrees, which agrees with the simulation result
presented in Fig. 11.

Fig. 16 shows the experimental results when using the
proposed position estimator without the oscillation mitiga-
tion scheme, where the rotor speed is 1500 r/min. The
curves of the measured and estimated rotor positions are on
top of each other. However, it is still obvious to observe
that the estimated position has small oscillations. As a
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comparison, the estimated rotor position obtained from the
proposed position estimator with the oscillation mitigation
scheme is shown in Fig. 17, where 4 = 0.1. It can be seen
that the oscillation in the estimated rotor position has been
effectively mitigated.

The transient performance of the rotor position estimation
methods proposed in this paper and in [14] during complete
torque reversals is compared in Figs. 18 and 19. When
the torque command has fast slew-rate changes during the
complete torque reversals, the position estimation error of the
method presented in [14] has large spikes, whose magnitudes
exceed 20 electric degrees. As a comparison, the spikes in
the position estimation error during the fast torque transient
are significantly mitigated using the method proposed in this
paper. The results presented in Figs. 18 and 19 are coincident
with the simulation results presented in Fig. 12.

VIII. CONCLUSION

A robust MRAS-based rotor speed estimator using a het-
erodyning speed adaption mechanism has been proposed for
sensorless IPMSM drives. The MRAS contains an improved
reference model, which uses an ALE to provide a better
noise cancellation capability for the EEMF estimated from
an SMO. The proposed rotor speed estimator has two oper-
ating modes, which are suitable for generator and motor
applications, respectively. Furthermore, a novel oscillation
mitigation algorithm using the estimated rotor speed as a
feedback input signal has been proposed to work with the
conventional inverse tangent method for rotor position esti-
mation. This algorithm can mitigate the oscillations in the
estimated rotor position caused by the noisy contents in the
estimated EEMF. Simulation and experimental results on a
155-kW IPMSM drive system have been provided to validate
the performance of proposed position and speed estimators
and evaluate the effects of key parameters on the perfor-
mance of the proposed estimators. The implementation of
the proposed method is simple, and has low-computational
cost and, therefore, has great potential for industrial
applications.

APPENDIX

A brief proof of the stability and convergence of the
proposed MRAS-based speed estimator is provided. According
to (3), (4), and (11), the following relations can be obtained:

Ely=wnJ - Elyand Ely =) - Ely+L- (E ﬁ—E"ﬁ)
Then d1fferent1al equatlon of the EEMF tracking error is

defined and examined as follows:

A w
(A-1)

To guarantee the stability of the MRAS, the following
two Popov’s hyperstability criteria [15] should be satisfied
simultaneously: 1) The forward path transfer matrix (s —A)~!
is strictly positive real. This can be theoretically verified and
the verification process is the same as that in [20], which will

not be repeated in this paper. 2) [° [(egﬁ)T -Wldt = —y?
for all 7o > 0, where y 2isa positive real constant. When the
heterodyning speed adaption scheme (10) is chosen, a brief
proof of the second criterion is

/Oto [(gZ )T : Wi|dt = /Oto I(gg )T T Ely Gore —wre)]dt

o N N n
- /O (B3 22— E2ER)ore — wrd)ar.
(A-2)
Substituting (10) into (A-2) yields

/Om [t(og;ﬂ)T W}dt
:/O I(EﬁE” E"Eﬁ)[(kp kl)(EﬁE" ELEy) - wre“dr

10 N n n n 2
= k,,/o (EﬁEa - EaEﬁ) dt

I

+/0’0[<E73E" EnEﬁ)[k /(EﬁEn EZEZ) dr — co,{“dt

11

(A-3)

where the first term / is nonnegative. For the second term /1,
denote

f@O =k / (Eﬁﬁg — E" Nﬁ) dt — wre
such that

dif 0]
dr

_[O[1dIf @)
“_/0 [kl dt

=k (EﬂE" E;Eg).

(t)]

Then

1 2 1 2
= — to) — 0)[>—-—=—1"(0).
L) = O]z 52720
Thus
0 n T 1 2
/O [(eaﬁ) .W}dr = 1+1120= -2 (0)
=——7°0
10,
Define y2 = 1/2k; f* (0), which is a positive real constant.

Therefore, the second criterion is satisfied.
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