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A Simple Strategy for Sensorless Speed Control for an IPMSM During
Startup and Over Wide Speed Range

Hyun-Woo Sim*, June-Seok Lee* and Kyo-Beum Lee'

Abstract —This paper presents a hybrid sensorless control for an interior permanent magnet
synchronous motor (IPMSM) for zero-, low-, and high-speed regions. Many sensorless control
methods such as an observer-based estimator have been introduced. However, most of the observer-
based estimators have a disadvantage at start-up and in the low-speed region. To solve this problem, a
simple strategy of using a hybrid system is proposed by integrating a high-frequency (HF) signal
injection method and a full-order flux observer. In addition, an HF signal injection method with only a
low pass filter (LPF) is proposed to simplify the hybrid system. The hybrid system achieves high-
performance drive throughout the entire speed range. The effectiveness of the proposed hybrid
technique is verified by experiments using an 11-kW [PMSM drive system.

Keywords: Permanent magnet synchronous motor, Sensorless control, Signal injection, Full-order

observer

1. Introduction

Permanent magnet synchronous motors (PMSMs) have
high efficiency because there is no field winding in the
rotor for the generation of the magnetic flux. Additionally,
PMSMs have better high-power density and a faster
transient response than a dc motor or an induction motor.
Because of these characteristics, PMSMs are widely used
in general industrial fields, especially in high-performance
motor control applications. Therefore, more sophisticated
control is required. For effective torque control and speed
control, information on the rotor position and speed is
necessary. This information is obtained by sensors such as
an encoder and a resolver. In the industrial field, however,
eliminating sensors is desirable because of the costs
associated with sensor faults [1, 2]. Hence, many sensor-
less vector control methods have been investigated, such as
model-based methods and adaptive flux observers [3-11].

In general, a model-based estimator has been used to
estimate the stator flux. This method exhibits high perfor-
mance for sensorless control. The observer-based estimator
has several advantages; namely, it does not assume steady-
state conditions, and the stability of the estimate can be
analyzed. In particular, a full-order observer is not sensitive
to signal distortion and measured noise caused by sensors.
Additionally, this estimator is well known to have high
performance [5-11]; however, it is not suitable for zero-
and low-speed operation because the very small current
and back-EMF are generated. Therefore, the high-frequency
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(HF) signal injection method is introduced. Because the HF
signal injection method does not estimate the current and
back-EMF, it exhibits great performance at startup and in
the low-speed region [12-16]. In contrast to the back-EMF
and observer-based methods, the performance becomes
worse when the motor operates at a high speed. To
compensate for these problems, hybrid sensorless control
methods have been investigated for a wide speed range,
including zero speed. For sensorless control of a PMSM, a
hybrid structure combines an HF signal injection method
and a flux observer using speed-dependent linear functions
to smooth transitions. However, conventional methods
should determine the switching point that is variable
according to load condition and performance of both
estimators [17-21].

This paper proposes a hybrid system for interior PMSM
(IPMSM) sensorless control, which combines the HF signal
injection and full-order observer methods. The HF signal
injection method is used for sensorless control for zero-
and low-speed operation, whereas a full-order observer is
used in the medium- and high-speed regions. The HF
signal generates signal injection losses and acoustical noise
[18]. The proposed hybrid method determines the optimal
switching point by using the error signal of both estimators.
When the error signal of both estimated rotor position is
close to zero, transition occurs between them. Therefore,
stable and smooth transition is guaranteed and it does not
need to determine switching speed according to operation
and load conditions. In addition, the simple method of HF
signal injection is used for decreasing the usage of the
filters to reduce the complexity of the algorithm because
conventional HF signal injection methods require many
filters to obtain the desired rotor position and speed.

The organization of this paper is as follows. A simple
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method of HF signal injection is introduced in Section II.
Section III reviews the full-order flux observer. The
proposed hybrid system is presented in Section I'V. Finally,
experimental results demonstrate the validity of the
proposed method in Section V.

2. Simple Method for High-Frequency Voltage
Injection

The general HF injection methods use many filters
such as a band pass filter (BPF) and low pass filter
(LPF) to eliminate the fundamental frequency and extract
the HF signal and rotor position [4, 13-15]. As the
number of filters increases, the time delay also increases,
which causes an error in the estimated rotor position. In
this section, a simple method of HF signal injection is
proposed to reduce the number of filters. This method
uses a synchronous reference frame transformation with
a different variable, making the BPF unnecessary.

2.1 IPMSM model for HF voltage injection

The voltage equation of an IPMSM in the synchronous
reference frame is defined as follows:

A RN R o
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Where V5, , i, and %, are the d-q axis voltage and
current and the stator flux in the synchronous reference
frame, respectively. R, is the stator resistance, and L, is the
stator d-q axis inductance. ®, is the speed of the rotor in
terms of the electric angle, ¢, is the permanent magnet
flux linkage, and p is the differential operator.

If the rotor angular speed is significantly smaller than
the frequency of the injected signal, it can be ignored
because the time derivative terms of the currents are
proportional to the frequency of the injected signal.
Therefore, the voltage equation for the injected HF signal
is expressed as
R 0 p O] %
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where Vg, , Ve, Loy, and i, are the d-q axis voltages
and currents included HF signal in the synchronous
reference frame.

The voltage and stator flux equations are transformed
into the stator reference frame as follows:
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Where L[=—4—L AL=—2_"%and 0, is the rotor
position.
The HF voltage injection in the stator reference frame is
given by
Var cos(e;1)
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where V,, is amplitude of the HF voltage, and @, is the
angular frequency of the HF voltage.

The angular frequency of the injected HF voltage is
significantly larger than the rotor angular frequency, and
the permanent magnet linkage is significantly smaller than
the magnet linkage of the stator current. For these reasons,
the permanent magnet linkage can be ignored. Additionally,
the stator resistor can be ignored because the stator
resistive voltage drop is very small relative to the injected
HF voltage. Based on the explanation above, the stator

voltage equation is approximated by
iﬁh/
8
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In order to estimate the rotor position by using the
current generated by the injected HF voltage, the stator
current equations are derived as
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2.2 Principle of rotor position estimation

The conventional HF injection method eliminates the
fundamental frequency from the stator current using a BPF.
Additionally, an LPF or a notch filter (NF) is used to
extract the angular frequency term and the fundamental
frequency component. By using a modified synchronous
coordinate transformation, however, the number of filters
can be reduced.
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As shown in (10), the currents in the stationary frame
contain both a fundamental frequency and a high frequency.
These frequencies are separated by a coordinate trans-
formation using 20, +6, .

ih] | cos(20 +6,) sin(20,+0,) |[is, an
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In (11)-(12), i;th is the d-q axis current coordinate
transformed by 26, +6, .

As a result of the coordinate transformation, the d-q axis
currents contain an error term of the rotor position. For this
reason, the rotor position can be simply estimated without
the heterodyne method or inverse transformation.

Fig. 1 shows the frequency components in the stationary
and synchronous reference frame currents, respectively.
In Fig. 1(b), the error of the rotor position component is
significantly smaller than that of other components. Therefore,
this error can be separated from the HF component by
the LPF as shown in (13). Hence, it is possible to reduce
the delay time caused by the filter compared to the
conventional HF signal injection method that uses both the
BPF and LPF.
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Fig. 2 shows the process of the rotor position estimation.
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Fig. 1. The frequency components of the d-q axis current:
(a) before transformation by Zér +0, and (b) after
transformation by 29: +0,.
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Fig. 2. Block diagram of rotor position estimation using
HF signal injection

Bode Diagram

Magnitude (dB)

10 1 0

0 10 10
Frequency (rad/sec)

Fig. 3. Frequency response of rotor position estimator

The d-axis current through the LPF is the input of the
observer controller. The component of sin2(6, — ér)
contained in the d-axis current is controlled to zero by the
controller. When the error is controlled to be zero, the rotor
position can be estimated [14-16].

To analysis the stability of this estimator, frequency
response is plotted as shown in Fig. 3. The gain margin and
phase margin are 22.9dB and 36.3°, respectively. For this
reason, this system can be considered stable.

3. Full-Order Flux Observer for Sensorless
Speed Control

Because the full-order observer is well known to be a
high-performance estimator, it has been used for a wide
variety of applications in sensorless control. In this paper,
therefore, the full-order observer is used for sensorless
control in the medium- and high-speed regions. The
physical model of the IPMSM can be regarded as a surface
permanent magnet synchronous motor (SPMSM). It can
mathematically simplify the full-order observer to decrease
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the computational time. This section reviews the algebraic
design of a full-order flux observer for sensorless speed
control of an IPMSM for medium- and high-speed
operation [7, 8].

3.1 Linear IPMSM model
The torque of the IPMSM consists of the magnetic

torque and the reluctance torque generated by magnetic
saliency from the difference in the d-q axis inductance.

P3_ -
T, =——loi; +(L, - L)ijis] (14)
22
Eq. (15) can be derived by (14)
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From (15), the rotor-side flux of an IPMSM is expressed

8

The general model of an IPMSM can be shown in Fig.
4(a). According to the flux model, stator inductance L, is
divided into the stator inductance L, and the virtual rotor
inductance L, ~L,. Therefore, Fig. 4(a) can be redrawn as
Fig. 4(b) and the physical model of an IPMSM can be
regarded as an SPMSM because stator inductances of d-q
axis are equivalent. For this reason, the voltage of the
IPMSM in the stator reference frame is expressed as

follows:
i ﬂ
}M P bz '

V;;. — Rs+pLd
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In (17), a mathematical approximation is not used. It
should be noted that the flux model above is insensitive to
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(a)
Fig. 4. Structure of an IPMSM

(b)
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L, and @, which tends to vary widely depending on the
load and thermal condition. This voltage equation is
expressed with only L, [7, 8].

From the modeling of the IPMSM in (17), the linear
state equation of the IPMSM in the stator reference frame
is expressed as follows [9]:
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3.2 Full-order observer for flux estimation

A full-order observer for flux estimation of the IPMSM
is constructed on the basis of (18):

R 5,
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pX = ., L, |X 0’ |u
0 Ji, (19)
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where G1, G2, H1, and H2 are the observer feedback gains.

Obtaining these observer gains is complicated because
the observer is a four-dimensional system. Therefore, using
the principle of complex vector notation, we simply
express the observer equation as [8]

i R _Jjor; /L G +jG
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Fig. 5 shows the block diagram of the full-order flux
observer. The characteristic equation of the full-order
observer in (20) is expressed as

(20)
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Ld Ld
21

In addition, when the above system has two certain poles,
the characteristic equation is expressed as

(s = (o + B — (o, + jB,))

=52 —(o, + jp, +a, + jBy)s + (o, + jB o, + jB,) (22)
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Fig. 6. Block diagram of the rotor position and speed

Fig. 5. Block diagram of the full-order flux observer estimation
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Fig. 7. Overall structure of the proposed hybrid sensorless control system

Hence, comparing (21) with (22), observer gains can be
expressed as

R
H =—+a,+a,,
d’\
H,=-o, +ﬁ1 +ﬁ2
L
G =—(a +a,)L, +(o,5, +ﬁ10‘2)d)_‘1=

'

G, = (@, - (b, + )L, —g—d(alaz BB

(23)

Fig. 6 shows the process of rotor position and speed
estimation using a full-order observer. The rotor position
can be computed with the estimated stator flux. On the
other hand, the process of rotor speed estimation is the
same as in Section II, but the observer controller gains (K1,
K2, and K3) must choose a different value. These gains
have been chosen with a trial-and-error procedure to get
the best tradeoff between stability and convergence time of
observer. The integral value of the estimated rotor speed
is a negative feedback term which makes the observer
controller input with estimated rotor position by full-order
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observer.

4. Simple Strategy of the Hybrid System

Thus far, we have introduced two types of sensorless
methods used in the hybrid system. A simple method of HF
signal injection was introduced in Section II. This method
is intended to be operated in the low-speed region. On the
other hand, the full-order observer introduced in Section
III has problems during low-speed operation because of
the low current and voltage magnitudes and inaccurate
parameters. However, the full-order observer exhibits high
performance during medium- and high-speed operation.
Hence, each of these methods has difficulty obtaining high
performance throughout the entire speed range.

In this section, a hybrid system is proposed by
combining the HF signal injection method and a full-order
observer to cover the entire speed range from zero speed
to high speed. Conventional methods of hybrid systems
change another observer by using speed-dependent transition
function to get the stable transition [17-21]. They have
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good performance but the switching point is ambiguous.
Therefore, it should be determine by trial and error to
guarantee stable transition. However, the switching point
can be variable according to load condition and performance
of both estimators. Hence, in this method, it should delay
the switching point to ensure the stable transition that leads
increasing the time to use the HF injection method in
low speed region. As a result, optimal switching point is
necessary to stable and fast transition.

The proposed hybrid method determines the optimal

switching point by using the error signal of both estimators.

This method does not have to consider the load condition
and performance of both estimators, and only selects the
proper range of error that leads to a stable transition.

4.1 From a standstill to high-speed operation

At initial operation, the estimated rotor position ér’ HF
from HF signal injection is used to operate the motor. At
the same time, a full-order observer only estimates the
rotor position &, , . When the error of these estimated

values is close to zero, sensorless control is performed by
using a full-order observer, and the HF signal is eliminated.

e = ér,HF _0

0, e <k (24)

The range of the error has to be set close to zero. A
smaller value of k can be a stable transition. As the value of
k decreases, however, the range of HF signal injection
increases, which causes acoustical noise and signal injection
losses. Therefore, to reduce the HF signal injection range
and guarantee a stable transition, the proper value of k
should be experimentally chosen. For a more stable
transition, the system counts the instances when entering
within the range of error and makes a transition when a
certain error count (N) is exceeded. The switching point
varies according to k and the performance of the full-order

observer at low speed. This hybrid strategy is presented as

{ START }

)

A

0 <k EqQ4

err

Determine switching
speed & Transition

Fig. 8. Flow chart for standstill to high-speed operation
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flow chart in Fig. 8.

4.2 From High-speed operation to a standstill

As mentioned previously, the switching point when the
mode transition occurs from a low speed to a high speed
becomes the switching point of the entire hybrid system.
As a result, the transition occurs at this point when it
moves back from high speed to the low speed. In medium-
and high-speed operation, however, the error of two
estimators cannot be used anymore because the HF signal
was eliminated. For this reason, the transition to HF signal
injection estimation is not performed smoothly at the
switching point. Before reaching the switching point, an
HF signal is injected in advance to solve this problem.
Additionally, when making a transition in the mode at the
switching point, the initial value of the HF injection
estimator has to receive the value of the full-order observer
for usage.

— s

r,obs

A
esw

r HF (25)
Unlike the previous method, even if a mode transition
occurs, the full-order observer continues to estimate.
The overall structure of the proposed hybrid sensorless
control system for the IPMSM drive is presented in Fig. 7.

5. Experimental Results

In order to verify the proposed hybrid system for
sensorless control, experiments were carried out by
using the 11-kW IPMSM in Fig. 9. The load is a 15-kW

Power Board :i

(b) Control board and Power board
Fig. 9. Experimental setup of the IPMSM drive system
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Table 1. Motor parameters

Stator Resistance 0.349 Q
d-axis Inductance 13.16 mH
g-axis Inductance 15.6 mH
Number of Poles 6
Flux Linkage 0.554 Wb
Rated Power 11 kW
Rated Current 199 A
Rated Speed 1650 rpm

Angle [r rad/div]

@ [1rad/div]
Time [200 ms/div]

(a)

Angle [ rad/div]

0 i I I

2] 1 rad/div]
o1 ] Time [200 ms/div]

(b)

Fig. 10. Experimental results at low speed (50 rpm): (a)
proposed HF signal injection method; (b) Full-
order observer

induction motor. The switching frequency and sampling
period T, are 10 kHz and 100 45 | respectively. The IPMSM
parameters for the experiment are presented in Table 1. In
this experiment, the range of error is set to & = 0.2[rad]
found via trial-and-error to obtain the best tradeoff between
a fast and stable transition. In addition, NV is set to 5000.

Fig. 10 shows the performance of rotor position
estimation to compare two methods at low speed operation
(50rpm). The estimated rotor position is more stable when
using the proposed method than using full-order observer.

Fig. 11 shows the low speed control using proposed HF
signal injection method. When a full step load torque is
applied to the system, the speed quickly reaches steady
state region. From these experimental results, the per-
formance of proposed method can be verified at low
speed operation. Further, it is possible to know that in
order to obtain good performance in all speed range,
hybrid method is needed.

The estimated rotor positions from the two methods are
shown in Fig. 12. At the beginning of the IPMSM drives, it
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Speed [50 rpm/div]

Sl iiddin,

Load Torque
[30 Nm/div]

Time [500 ms/div]

Fig. 11. Low speed control using the proposed HF signal
injection method with step full load torque

Angle [ rad/div]

QHF

/t ¢

/pé Switching peint

Time [500 ms/div]

Fig. 12. Hybrid rotor position estimation with the two
methods

=

il
fariunl

) “\
—> Switching point
(0> 0,,,)
Time [500 ms/div]

Switching speed
[100 rpm/di\’h]_‘

Fig. 13. Hybrid rotor position estimation and switching
speed

is observed that the hybrid rotor position corresponds with
the rotor position obtained by HF signal injection. On the
other hand, rotor position obtained by a full-order observer
is not estimated. As the value of the full-order observer
begins to provide a good estimate, the hybrid rotor position
is switched to the rotor position obtained by a full-order
observer. At the same time, it is observed that HF signal
injection is eliminated. In addition, it is verified that a
smooth mode transition occurs by looking at the hybrid
rotor position.

Fig. 13 shows the switching speed when the transition
is implemented. The switching speed is always slightly
different because the performance of the full-order observer
at startup is also always different, as can be seen by
comparison with Fig. 12. The transition is performed in the
vicinity of 150 rpm, which is 9% of the rated speed for the
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parameter values used in this experiment.
Fig. 14 shows the performance of the proposed hybrid
sensorless speed control from a standstill to the rated

Measured Speed
[500 rpm/div]

- SRS (PR

Estimated Speed
[500 rpm/div]

Time [500 ms/div]

(@)

Measured Speed
[500 rpm/div]

Estimated Speed
[500 rpm/div]

Time [500 ms/div]

(b)

Fig. 14. Hybrid sensorless speed control under light load :
measured rotor speed (red) and estimated rotor
speed (blue)

Measured Speed
[500 rpmy/div]

Estimated Speed
[S00 rpm/div]

Time [S00 ms/div]

(@)

Measured Speed
[500 rpm/div]

Estimated Speed
[500 rpm/div]

Time [S00 ms/div]

a

(b)

Fig. 15. Hybrid sensorless speed control under full load :
measured rotor speed (red) and estimated rotor
speed (blue)
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speed (1650 rpm) under light load. Good performance is
observed for a wide speed range because the estimated and
measured speeds are matched to each other. Additionally,
the transition between each method is well conducted when
the speed increases and decreases.

In comparison with the light-load condition, it can be
verified that the control performs well from low speed to
the rated speed under the full-load condition, as shown
in Fig. 15. It is observed that the estimated value and the
actual value are almost identical. It is also observed that
the speed is well controlled when it decreases from a
high speed to zero speed. Additionally, it is observed
that the rotor position estimated by the proposed HF signal
injection method is well estimated at startup, as shown in
Figs. 14(a) and 15(a).

Fig. 16 shows the performance of sensorless speed
reversal from -500 to 500[rpm] (low and middle speed
region). In both directions, smooth transition to low and
middle speed region can be seen in above figure. For more
detailed information at zero and low speed region, an
expanded figure can be seen in below. The estimation error
of the rotor position is very small during the speed reversal.

To compare proposed method to conventional method,
additional experimental result is provided as shown in Fig.
17. As stated previously in Section VI, conventional hybrid
methods use the speed-dependent transition function to get
the smooth transition between estimation methods. The
interval of transition between each method is set to 100 and
200[rpm] which are 6%~12% of rated speed.

It can be seen that estimated rotor position by full
order observer does not reach the steady state in transition
interval. Therefore, hybrid rotor position and waveform of
rotor speed have distortions. In this method, it should delay
the switching point according to the performance of
estimator. On the other hand, in the case of using the
proposed method, since the transition occurs after the

Time [S00 ms/div]

Estimated Speed
[250 rpm/div]

Angle [r rad/div]

hybrid
NN\
o

real

Fig. 16. Experimental result of speed reversal under the
light load
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reaching the steady-state regardless of the estimated speed
of the full-order observer, it can be determined to be the
most stable and optimal switching point.

6. Conclusion

This paper proposes a simple HF signal injection method
and a hybrid system for sensorless speed control of an
IPMSM. The proposed methods decrease the number of
filters, and it is possible to operate over the entire speed
range. In particular, the hybrid method compensates for the
weaknesses of the observer-based method, which does not
have good performance at start-up and in the low-speed
range. The experimental results demonstrate that the
proposed methods effectively realize a feasible hybrid
system for sensorless speed control.
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