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Abstract—This paper proposes a self-adaption Kalman
observer (SAKO) used in a permanent-magnet syn-
chronous motor (PMSM) servo system. The proposed
SAKO can make up measurement noise of the absolute en-
coder with limited resolution ratio and avoid differentiating
process and filter delay of the traditional speed measur-
ing methods. To be different from the traditional Kalman
observer, the proposed observer updates the gain matrix
by calculating the measurement noise at the current time.
The variable gain matrix is used to estimate and correct
the observed position, speed, and load torque to solve the
problem that the motor speed calculated by the traditional
methods is prone to large speed error and time delay when
PMSM runs at low speeds. The state variables observed
by the proposed observer are used as the speed feed-
back signals and compensation signal of the load torque
disturbance in PMSM servo system. The simulations and
experiments prove that the SAKO can observe speed and
load torque precisely and timely and that the feedforward
and feedback control system of PMSM can improve the
speed tracking ability.

Index Terms—Feedforward control, Kalman observer
(KO), measurement noise, permanent-magnet synchronous
motor (PMSM), speed estimation.

I. INTRODUCTION

THE permanent-magnet synchronous motor (PMSM) has
been widely used in the field of high-performance control

due to its high power factor, good speed control performance,
etc. For PMSM servo system, rotor position and speed are
necessary feedback signals in the closed control system. In
traditional methods of position measurement, the position sig-
nal is usually obtained by an optical encoder that includes an
incremental encoder, an absolute encoder, and a hybrid encoder.
In the vector control of PMSM system, coordinate transforma-

Manuscript received April 14, 2014; revised July 1, 2014 and
September 15, 2014; accepted October 2, 2014. Date of publication
October 24, 2014; date of current version April 8, 2015. This work was
supported in part by a project funded by the National Key Basic Re-
search Program of China (973 project) under Grant 2013CB035600 and
in part by the Key Technologies Research and Development Program of
Tianjin under Grant 13ZCZDGX01100.

T. Shi and Z. Wang are with the School of Electrical Engineer-
ing and Automation, Tianjin University, Tianjin 300072, China (e-mail:
tnshi@tju.edu.cn; wzheng0614@tju.edu.cn).

C. Xia is with the School of Electrical Engineering and Automation,
Tianjin University, Tianjin 300072, China, and also with the Tianjin
Key Laboratory of Advanced Technology of Electrical Engineering and
Energy, Tianjin Polytechnic University, Tianjin 300387, China (e-mail:
motor@tju.edu.cn).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2014.2364989

tion is necessary to transform the variables in abc three-phase
coordinate system to those in dq rotating coordinate system.
In this process, the absolute position of the rotor is indispens-
able, particularly when the motor starts up. Therefore, it is a
good choice to equip the motor with an absolute encoder, which
can ensure the motor starts up normally in a convenient and
fast way. In addition, absolute encoder not only has obvious ad-
vantages in anti-interference ability, location ability, etc., but it
can also obtain the binary coding of the absolute rotor position,
which renders it being widely used in many high precise places
(e.g., mechanical equipments).

Recently, the analyses and studies about speed measuring
methods and speed precision mainly focus on incremental en-
coder [1]–[3], and the studies on absolute encoder mainly focus
on the design and analysis aspects [4]–[6]. Due to quantization
noise, the nonideal manufacture of optical encoders, and other
reasons, the rotor position measured by optical encoder has
measurement noise, causing some errors in the speed calcu-
lated by rotor position signal. In addition, traditional speed
measuring methods such as M method, T method, and M/T
method all calculate average speed based on derivation algo-
rithm, giving rise to time delay and speed error that is called
speed noise. The speed noise influences both the dynamic and
steady performances and stability of PMSM servo system to
some extent [7]. Although low filters are usually used to restrain
speed noise, they cannot decrease time delay at the same time
[8], [9].

A high-precision encoder can improve the precision of speed
measuring methods, although the cost of it is relatively high. To
avoid the shortcomings of traditional speed measuring methods,
scholars propose many ways to estimate speed, such as nonlin-
ear observers [10], [11] and sliding mode observers [12]–[14].
Among them, the authors in [15] deem that numerical integra-
tion can provide more stable and accurate results than numerical
differentiation in the presence of noise. In addition, an enhanced
differentiator is proposed to improve velocity estimation in low-
speed regions. The authors in [16] propose a neural-based full-
order Luenberger adaptive speed observer for sensorless linear
induction motor drives whose linear speed is estimated with the
TLS EXIN neuron. The authors in [17] introduce an adaptive
interconnected observer for sensorless control of a synchronous
motor, which is used to estimate the rotor speed, rotor position,
and load torque. Since the speed is not calculated in every
sampling period when the motor runs at a low speed, in order
to ensure the update of the speed in each sampling period, an
instantaneous speed observer is used in [18], which estimate
the speed in each sampling period and correct the estimation
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error when the position is updated. In [19] and [20], a full-order
observer or a reduced-order observer that needs a precise math-
ematical model of the motor is proposed to observe the speed.
A robust digital differentiator that provides the first derivative
of the encoder position measurement is proposed to observe
speed in [21]. Since Kalman filtering algorithm is an optimum
estimation method in the sense of variance minimizing, it can
use recursive method to process the random noise interference
directly and have lower dependence on the model [22]. As a
result, Kalman observer (KO) is widely used to observe the
system speed [23]–[25].

Since the position error of the optical encoder can be re-
garded as Gaussian white noise [26], [27], the optimal estima-
tion of the speed and load torque can be obtained by Kalman
filter from a series of position signals with noises. In order to
make the estimations correct, a SAKO is proposed to accu-
rately observe position, speed, and load torque. By analyzing
quantization error of absolute encoder, measurement noise of
the system is calculated based on the variation of the rotor
position and reflects the actual process. Then instantaneous
speed observer and KO are combined together to decrease
the influence of the measurement error on the observed speed
when the sampling time does not match the update time of
the position. Finally, the observed signals are used as speed
feedback signals and compensation signal of load torque distur-
bance, thereby constructing a feedforward and feedback control
system of PMSM.

II. SPEED ERROR ANALYSIS OF ABSOLUTE ENCODER

The code disk of n-bit absolute encoder is covered with n
circles of uniformly distributed grooves, which are either light
transmitting or non-light transmitting. The values of adjacent
code channels are arrayed according to certain rules that every
radial position has only one binary coding associated with
them, the range of which is 0 ∼ 2n − 1. The resolution ratio of
n-bit absolute encoder is 1/2n. This is to say that the 2πrad
circumference is dispersed to a series of position signals, the
gap among which is 2π/2nrad.

Fig. 1(a) and (b) shows the signal curves at low and high
speeds, respectively. The signals include the continuous actual
rotor position, the position signal identified by the absolute
encoder, and the position signal that is exported by the absolute
encoder and read by a digital signal processor (DSP). For the
convenience of analyzing, the speed is assumed to be a constant
value that is larger than zero.

In Fig. 1, k is the sampling number, k = 1, 2, . . . ; θ is the
rotor position; θ(m) is the rotor position that DSP reads out in
the mth time, m = 1, 2, . . . ; Δθ(m) is the measurement error,
i.e., the difference between the actual rotor position and θ(m);
θ̇ is the derivative of the rotor position, namely, speedω; Ts

is the sampling time of the controllers; T1_actual is the time
interval between two consecutive position updates identified by
the absolute encoder; and T1 is the time interval between two
consecutive position updates read by DSP.

As shown in Fig. 1, the absolute encoder obtains discrete po-
sition when the variation of rotor position is equal to quantiza-
tion error Δ = 2π/2nrad; however, the new position is read by

Fig. 1. Curves of rotor position signal (a) when the motor runs at a low
speed, i.e., T1_actual > Ts, T1 > Ts, and (b) when the motor runs at a
high speed, i.e., T1_actual < Ts, T1 = Ts.

DSP only when the next sampling signal comes, which causes
the measurement error between the actual position and that
read by DSP. The maximum measurement error happens when
the sampling occurs just before the encoder identifies a new
position, and it equals to quantization error Δ = 2π/2nrad;
whereas the minimum occurs when the sampling coincides with
the moment that the encoder identifies a new position, and its
value is zero.

As shown in Fig. 1(a), when the motor runs at a low speed,
the rotor position changes slowly, and the time interval between
two consecutive position updates identified by the absolute
encoder T1_actual becomes larger than sampling time Ts, which
is a constant value. In this case, the time interval between two
consecutive position updates read by DSP T1 is larger than
Ts. As shown in Fig. 1(b), when the motor runs at a high
speed and the rotor position changes fast, T1_actual < Ts and
T1 = Ts.

The speed signal is calculated by differentiating the rotor po-
sition read by the DSP. In addition, traditional speed measuring
methods such as Euler method (EM), period-varying method
(PVM), and period-overlapping method (POM) all calculate
speed by using forward difference approximation method in-
stead of derivation algorithm directly.

A. EM

EM based on Euler algorithm calculates the average speed
using position variation and time instant that is a measurement
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period equal to T1, and the calculation equation is shown as
follows:

ω(m) =
θ(m)− θ(m− 1)

Tm
(1)

where Tm is the time interval between the (m− 1)th and the
mth variations of rotor position, and Tm = T1.

Judging from Fig. 1(a), the speed error of EM errEM(m) is
as follows:

errEM(m) =
Δθ(m)−Δθ(m− 1)

Tm
. (2)

As the measurement error is a stochastic variable that has no
relationship with Ts, it can be regarded as a uniform probability
distribution in the scope of 0 ∼ Δ; its distribution density is
inversely proportional to the scope. In order to compare the
errors of different speed measuring methods, the time interval
between two consecutive position updates read by DSP T1 is
regarded as a constant value. The scope, expected error, and
distribution density of errEM(m) are respectively shown as
follows: ⎧⎪⎨

⎪⎩
errEM(m) ∈

[
− Δ

T1
, Δ

T1

]
E[errEM] = 0
f(errEM) = T1

2Δ .

(3)

Error variance REM is

REM=E
[
(errEM−E[errEM])·(errEM−E[errEM])T

]
=

Δ2

3T 2
1

.

(4)

According to (3) and (4), EM uses position variation and
time interval in a measurement period to calculate speed. Con-
sequently, the speed calculated by EM has a large speed error.

B. PVM

In order to decrease the speed error in EM, the deviation
between the first and the last positions and the time intervals
in several measurement periods are used to calculate speed.
In other words, the speed error is decreased by increasing the
measurement periods. This method is named as PVM, and the
calculation equation is shown as follows:

ω(m) =

m∑
h=j+1

θ(h)− θ(h− 1)

m∑
h=j+1

Th

=
θ(m)− θ(j)

m∑
h=j+1

Th

(5)

where j is the jth variation of the position read by DSP, whose
value is a positive integer smaller than m; the value of m− j
is chosen by the speed, i.e., it is chosen smaller at a low speed
and larger at a high speed; and Th is the time interval between
the (m− 1)th and the hth variations of rotor position.

Likewise, the scope errPVM(m) and error variance RPVM

of PVM are⎧⎨
⎩ errPVM(m) ∈

[
− Δ

(m−j)T1
, Δ

(m−j)T1

]
RPVM = Δ2

3[(m−j)T1]
2 .

(6)

Judging from (6), PVM improves the speed precision by in-
creasing the measurement periods, but it causes more time
delay.

C. POM

In order to shorten time delay in PVM, the speeds calculated
by PVM in the current and several backward measurement pe-
riods are averaged as the speed in the current period. This meth-
od is called POM. The calculation equation is shown as follows:

ω(m) =
1

v

v−1∑
z=0

⎛
⎜⎜⎜⎝θ(m− z)− θ(j − z)

m−z∑
h=j−z+1

Th

⎞
⎟⎟⎟⎠ (7)

where j is a positive integer smaller than m, and v is a positive
integer smaller than m− j + 1.

Likewise, the scope errPOM(m) and error variance RPOM

of POM are⎧⎨
⎩ errPOM(m) ∈

[
− Δ

(m−j)T1
, Δ

(m−j)T1

]
RPOM = Δ2

3v[(m−j)T1]
2 .

(8)

A compromise between speed precision and time delay is
achieved by choosing the parameters reasonably in POM.

The above three methods calculate speed only when DSP
consecutively reads new position signals, rather than in each
sampling period. Thus, the speeds calculated by above methods
inevitably have some errors and time delays.

III. DESIGN OF SAKO

A. Design of a SAKO Based on the Model of PMSM

The motion equations of PMSM are shown as follows:⎡
⎣ θ̇

ω̇
ṪL

⎤
⎦ =

⎡
⎣ 0 1 0
0 − f

J − 1
J

0 0 0

⎤
⎦
⎡
⎣ θ

ω
TL

⎤
⎦+

⎡
⎣ 0

KT

J
0

⎤
⎦ iq (9)

where ω is the mechanical angular velocity; iq is the current of
the q-axis; J is the rotational inertia; f is the friction torque
coefficient; KT is the torque coefficient; and TL is the load
torque that is regarded as a constant in a measurement period,
namely, ṪL = 0.

After discretizing (9), KO can be designed as follows:{
x(k + 1) = Ax(k) +Bu(k) +w(k)
y(k) = Cx(k) + r(k)

(10)

where k is the sampling number; x = [ θ ω TL ]
T is the

state variant; u = [iq] is the control signal; y = [θ] is the ob-
served signal; w is the system noise, representing the influence
brought by the system parameter errors; r is the measurement
noise, representing measurement error and other noises in a
measurement process; and coefficient matrices are

A =

⎡
⎣ 1 Ts 0
0 1− f

J Ts −Ts

J
0 0 1

⎤
⎦ ; B =

⎡
⎣ 0

TsKT

J
0

⎤
⎦ ; C = [1 0 0].



2756 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 5, MAY 2015

w(k) and r(k) are identically distributed Gaussian noises,
which are zero means and independent. Their covariances
satisfy {

Q = cov(w) = E[wwT ]
R = cov(r) = E[rrT ]

(11)

where Q and R are diagonal matrices, and r and R = [R(k)]
are both the first-order matrices since θ is the only observed
signal.

The recursion calculation of Kalman is shown as follows:{
x(k|k) = x(k|k − 1) +K(k)err(k)
P (k|k) = (I −K(k)C)P (k|k − 1)

(12)

where all variables are at time kTs; x(k|k) and P (k|k) are
state estimate and error covariance after measurement update,
respectively; x(k|k − 1) and P (k|k − 1) are state estimate and
error covariance prior to measurement update, respectively; I is
the unit matrix; and K(k) and err(k) are gain matrix and error
of the observed signal, respectively. These values are updated as
follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x(k|k − 1) = Ax(k − 1|k − 1) +Bu(k)
P (k|k − 1) = AP (k − 1|k − 1)AT +Q(k)

K(k) = P (k|k − 1)CT
(
CP (k|k − 1)CT +R(k)

)−1

y(k|k − 1) = Cx(k|k − 1)
err(k) = y(k)− y(k|k − 1)

(13)

where y(k|k − 1) is the estimate value of the observed signal
at time kTs.

Both limited precision in mathematics and the model error
may lead to KO divergent in practice; therefore, in order to
improve the precision of the estimation states, a suitable system
noise Q(k) and a measurement noise R(k) are needed.

Judging from the above recursion equations, Q(k) and R(k)
both influence K(k) and consequently affect the correction of
err(k) and x(k|k − 1) to x(k|k). In the traditional KO, Q(k)
and R(k) are determined by trials that require many groups
of repeated attempts. K(k) is convergent to a constant matrix
when the system becomes stable, which means that err(k)
corrects x(k|k − 1) in each sampling. When the speed or load
torque changes suddenly, K(k) keeps still. In this situation,
KO cannot adjust the parameters to the concrete speed and
subsequently fails to obtain the optimally estimated speed. To
overcome the shortcomings of KO, the measurement noise
is calculated in real time by analyzing the position read by
DSP, and a measurement noise SAKO is constructed in the
following.

B. Real-Time Update of Measurement Noise

At low speeds, DSP may not read a new position in each sam-
pling, and T1 > Ts. When DSP does not read a new position,
the old position read by DSP in this sampling has a large error
compared with the actual position, which means that the posi-
tion read by DSP is incredible. Then, the measurement value
θ(k) (the position in kth time) should be ignored. There are two
methods to ignore θ(k) in the state modification. One method
assumes that the system model is very precise, i.e., Q(k) = 0,

and the other assumes that the measurement value is incredible,
i.e., R(k) is relative large. For a stable system, the system
noise is constant; therefore, the measurement value should be
ignored. This is to say that a large error exists between the posi-
tion read by DSP and the actual position, and the measurement
noise is large. Therefore, the measurement noise is set to be Rw,
i.e., a large positive constant, which makes K small and approx-
imately equal to zero. According to the first equation in (12),
in this sampling, x(k|k) has a tendency toward x(k|k − 1)
and ignores y(k). In other words, the position read by DSP is
not used to correct the estimated position, and SAKO is used as
an estimator for position and speed.

When DSP reads a new position in this sampling, which
means that the position read by DSP is credible, and then the
measurement value at this moment should be considered in
the state modification, the measurement noise is regarded as
Gaussian white noise. Therefore, based on the actual situation,
a small error whose maximum value is emax=min{ω̂ Ts,Δ}
exists between the position read by DSP and the actual posi-
tion, where ω̂ is the mechanical angular velocity estimated by
SAKO. As the measurement error is a stochastic variable that
has no relationship with Ts, it can be regarded as a uniform
probability distribution in the scope of 0 ∼ emax, and its distri-
bution density is inversely proportional to the scope. The scope,
expected error, and distribution density are respectively shown
as follows: ⎧⎪⎨

⎪⎩
e ∈ [0, min {ω̂Ts, Δ}]
E [e(t)] = min{ω̂Ts, Δ}

2

f(e, t) = 1
min{ω̂Ts, Δ}

(14)

where e(t) is the measurement error; E[e(t)] is the expected
error; and f(e, t) is the error distribution density.

According to (14), when DSP has read a new position at
the current sampling, the measurement noise is calculated as
follows:

Rt(t) = min

{
(ω̂Ts)

2

12
,
Δ2

12

}
.

The discrete form of the above equation is

Rt(k) = min

{
(ω̂(k|k − 1)Ts)

2

12
,
Δ2

12

}
. (15)

Rt calculated by (15) reflects the measurement noise between
the position read by DSP and the actual position precisely when
DSP reads a new position at different speeds. K calculated
by Rt can use err(k) to correct x(k|k − 1) and get a precise
x(k|k). SAKO is used as an observer to observe state variables.

Above all, SAKO estimates state variables in each sampling
but corrects them only when DSP reads a new position. There-
fore, the estimate period of SAKO is Ts, and the error correct
period is equal to T1.

To sum up, the measurement noise of SAKO is shown as
follows:

R(k) =

{
Rt(k), y(k) �= y(k − 1)
Rw, y(k) = y(k − 1).

(16)
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Fig. 2. Diagram of SAKO.

Fig. 3. Simplified block diagram of PMSM feedforward and feedback
control.

R(k) is calculated timely in each sampling based on the
estimate speed and the update of rotor position. Thus, the KO
with the measurement noise self-adaption can observe the states
precisely and timely when the motor speed is variant.

The calculation process of SAKO is shown in Fig. 2.

IV. FEEDFORWARD AND FEEDBACK CONTROL

OF PMSM BASED ON SAKO

In the traditional feedback control system of speed and
current PI controllers, the speed controller cannot follow speed
timely and resist load disturbance at the same time when
the motor load changes suddenly. In view of this problem, a
feedforward and feedback control system is built by regarding
the motor load as a system disturbance. Fig. 3 is the sim-

Fig. 4. PMSM feedforward–feedback control scheme.

plified block diagram of PMSM feedforward and feedback
control.

In Fig. 3, Gw and GF are the transfer functions of speed
and feedforward controllers, respectively; GI, which is approx-
imately equal to one, is the transfer function of the inner loop;
and GT and GM are the parameters of the motor model, i.e.,{

GM = 1
Js+f

GT = 1.

In Fig. 3, the transfer function between speed and load torque
is shown as follows:

ω(s)

TL(s)
=

(GF +GT) ·GM

1 +Gw ·GM
.

In order to decrease the influence of load torque disturbance
on speed, equation GF = GT = 1 should be established. Since
the load feedforward controller and speed controller act on the
PMSM system at the same time, the value of GF needs to be
chosen in the vicinity of 1 to achieve best speed control under
the double effect of feedforward and speed controllers. The
feedforward and feedback control system of PMSM shown in
Fig. 4 is constituted by the feedforward compensation link and
the speed feedback link. The feedforward compensation link
consists of GF and the load torque observed by the proposed
observer.

In Fig. 4, a vector control strategy of id = 0 with speed and
current closed loops is used in PMSM; the rotor position, speed,
and load torque are precisely observed by a limited precise
absolute encoder and a SAKO; the observed signals are used
as both speed feedback signals and compensation signal of load
torque disturbance.

Within every sampling period, the SAKO can update mea-
surement noise based on rotor position and its variations and
adjust gain matrix timely; hence, the observed speed can reflect
the actual speed of the motor accurately and timely. Based on
this, when the observed speed is used as a feedback signal to
control motor that runs in a dynamic condition, such as a sudden
change of speed or load, etc., the speed PI controller can adjust
the condition of the motor based on the observed speed timely,
and then the control ability of the system is enhanced.
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TABLE I
PARAMETERS OF THE MOTOR

V. SIMULATION AND EXPERIMENT

ANALYSIS OF THE SYSTEM

In the process of simulation and experiment, the parameters
of the motor are listed in Table I. The control period of the
system is T = 100 μs.

A. Simulation Analysis

In order to verify the performance of SAKO, the proposed
system has been implemented in the MATLAB/Simulink pro-
gramming environment. The system control period is T =
100 μs.

1) Property Test of SAKO: Known by [28], x(k|k) calcu-
lated by Kalman filter is the optimal estimation of the model
state x(k|k) but not the optimal estimation of the real system
state xr(k), and P (k|k) is only the estimation error covariance
to x(k). Therefore, we need to consider the error covariance
P r(k|k) between xr(k) and x(k|k) as a standard to judge the
performance of Kalman filter. In certain conditions, the notion
that the errors ‖xr(k)−x(k|k)‖2 have to be small to ensure that
the Kalman filter is near optimal can be relaxed to requiring
only thatP r(k|k) andP r(k|k−1) (or their tracks) be small, and⎧⎪⎪⎨
⎪⎪⎩

P r(k|k − 1)

= E
[
(xr(k)− x(k|k − 1)) (xr(k)− x(k|k − 1))T

]
P r(k|k) = E

[
(xr(k)− x(k|k)) (xr(k)− x(k|k))T

]
.

In order to analyze the effect observed by KO more truly,
the diagonal values of P r(k|k) are calculated, which represent
the covariance value of the actual states and the observed
states, i.e., ⎧⎪⎪⎨

⎪⎪⎩
P r
11 = E

[
(θr − θ̂)(θr − θ̂)T

]
P r
22 = E

[
(ωr − ω̂)(ωr − ω̂)T

]
P r
33 = E

[
(T r

L − T̂L)(T
r
L − T̂L)

T
]
.

Since the actual states of the system are not available in the
experiment, the following Simulink is done in order to test and
verify the performance of SAKO.

The motor system is controlled in a closed loop by the actual
speed, the given speed is 30 r/min, and the motor starts up with
no load and adds up a sudden load of 300 Nm at 0.25 s. Fig. 5(a)
is the state error covariance of SAKO whose measurement
noise is calculated by (15) and (16). Fig. 5(b) is the state error

covariance of the traditional KO whose measurement noise
adopts the adjustment value at the rated condition.

As shown in Fig. 5(a) and (b), the waveforms of P r
11 show

that the position error covariances of the two methods are
almost the same, which means that both methods can achieve
to track the rotor position precisely. The waveforms of P r

22

and P r
33 show that, when the load changes suddenly, SAKO

achieves to track speed and load in 0.02 and 0.015 s, respec-
tively, whereas the traditional KO achieves to track speed and
load in 0.045 and 0.04 s, respectively. The phenomenon is due
to the fact that SAKO can update the system measurement noise
and the gain matrix timely based on the speed . In summary, the
time-variant measurement noise can reflect the noise in actual
situation so that SAKO can track the variation of speed and load
timely to make the response speed faster.

2) Speed Comparisons of Different Speed Measuring
Methods: The given speed of the motor n∗ is 30 r/min, the
actual speed n is used for closed-loop control, the motor
starts up with no load, and three traditional methods and two
observers are all adopted to calculate the speed of PMSM.

The simulation result is shown in Fig. 6. n is the actual speed;
n1, n2, n3, n4, and n̂ are the speeds calculated by EM, PVM,
POM, KO, and SAKO, respectively.

In Fig. 6(a), each method can calculate speed successfully
although with speed errors at different levels. In Fig. 6(b),
when the motor starts up, compared with the actual speed n,
n1 responds the fastest with the largest deviation. Compared
with n1, n2, and n3 have smaller deviations relatively but the
slowest response speeds in the five methods. Moreover, n4 and
n̂ can match n perfectly with the smallest speed deviations. In
Fig. 6(c), when the motor runs steadily, the speeds calculated
by the traditional methods have larger errors and need to be
filtered, whereas KO and SAKO observe the speed with small
errors. Among them, the speed observed by SAKO has the
smallest error and gives the fastest response.

3) Simulation Results of the SAKO When the Load
Changes Suddenly: The actual speed n is used for closed-
loop control, the given speed n∗ = 30 r/min, the motor starts
up with no load, and the load increases to 300 Nm at 0.25 s.
The speed n̂ and load torque T̂L observed by the SAKO are
shown in Fig. 7.

In Fig. 7, the speed and load torque are observed precisely
and timely by the SAKO.

B. Experiment Analysis

The proposed SAKO is applied to a 10 kW low-speed and
high-torque PMSM drive system to test its feasibility and valid-
ity. The experimental setup is shown in Fig. 8. The controller is
chosen to be TMS320F28335 produced by Texas Instruments,
its clock frequency being 150 MHz. Intelligent power modules
Mitsubishi PM75DSA120 are utilized as power devices.

Although the proposed KO uses matrix multiplication to cal-
culate speed, in order to decrease the amount of calculation, it is
optimized in the experiment. The implementation process takes
9.5 μs, mainly to calculate 30 multiplications, 31 additions, and
1 division.

1) Speed Comparisons Between POM and the SAKO:
In Fig. 6, among three traditional methods, the speed
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Fig. 5. State error covariances of SAKO and KO. (a) P r(k|k) of SAKO. (b) P r(k|k) of KO.

Fig. 6. Simulation of speed measurement. (a) Speed calculated by
different methods. (b) Large chart when the motor starts up. (c) Large
chart when the motor runs steadily.

calculated by POM has higher precision and faster response;
thus, the speed calculated by POM n3 is used to compare with
n̂ observed by SAKO. The motor controlled by n3 starts up with

Fig. 7. Speed and load torque observed by SAKO.

no load. In order to analyze the response of SAKO, POM is at a
high sampling rate, whose sampling period is Ts1 = 100 μs,
whereas SAKO is at a low sampling rate, whose sampling
period is Ts2 = 1 ms.

Fig. 9 shows the speed comparisons between two methods
when the motor is in the conditions of starting up, running
at variable speed, and forward and reversal. Fig. 9(a) is the
comparison result when the motor starts up in the condition
that n∗ = 30 r/min; Fig. 9(b) is the comparison result when the
motor runs in the condition that n∗ changes from 10 to 30 r/min
and then from 30 r/min back to 10 r/min suddenly; Fig. 9(c) is
the comparison result that the motor runs in the condition that
n∗ changes from 30 to −30 r/min suddenly. pθ, pθ̂, n3, and n̂
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Fig. 8. Picture of the experimental setup.

are shown from top to bottom in each figure, where pθ and pθ̂
are the rotor electrical angles, and θ and θ̂ are the rotor positions
read by DSP and observed by the SAKO, respectively.

In Fig. 9, at a low sampling rate, SAKO can observe both
the rotor position and speed precisely and timely in above
conditions, and the estimate accuracy and response speed are
almost the same as those of POM at a high sampling rate. As
shown in Fig. 9(c), at the moment of t1, the direction of motor is
just changing from forward to reversal; the actual speed is zero.
The speed n3 obtained by POM is 20 r/min at that moment
and down to zero speed at t2, which exists nearly 15 ms delay,
whereas SAKO can observe the actual speed timely. Above all,
the above experiment results verify the fast response and high
accuracy of SAKO.

2) Closed-Loop Control of the Motor When the Given
Speed is 30 r/min: The load torque increases from 0 to 300
Nm initially and then decreases to 0 Nm suddenly with ω∗ =
30 r/min and Ts1 = 100 μs. Figs. 10 and 11 are respectively the
response waveforms when the motor is closed-loop controlled
by the speed calculated by POM and SAKO, respectively;
Fig. 12 is the response waveform when the signals observed
by SAKO are used to feedforward and feedback control of the
system.

In Figs. 10–12, the motor can be controlled more precisely
with a smaller speed ripple when the speed obtained by SAKO
is used for feedback control compared with that by POM. At
time t1, the motor starts up, iq increases fast, but the calculated
speed n3 by POM is obtained at t2, which has nearly 7-ms
delay, which causes larger fluctuation of iq, whereas the speed n̂
by SAKO is observed timely, and the fluctuation of iq is smaller.
The response time of that by SAKO is 0.1 s, whereas the
response time of that by POM is 0.16 s. In addition, the SAKO
can observe load torque precisely in nearly 0.15 s when the load
changes suddenly, and the fluctuation of n̂ caused by the variant
load is decreased after using the feedforward controller.

3) Closed-Loop Control of the Motor When the Given
Speed is 10 r/min: In order to compare the dynamic per-
formance of POM and SAKO more impartially, three ex-
periments have been done. Fig. 13(a) shows the response
waveforms when the motor is closed-loop controlled by n3

calculated by POM. Fig. 13(b) shows the response wave-
forms when the motor is closed-loop controlled by n̂ ob-
served by SAKO. Fig. 13(c) shows the response waveforms

Fig. 9. Speed comparisons between POM and the SAKO: (a) start up;
(b) variable speed; and (c) forward and reversal.
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Fig. 10. Response waveforms when the speed calculated by POM is
used for feedback control. (a) Waveforms of n3 and iq. (b) Enlarged
waveforms when the motor starts up.

Fig. 11. Response waveforms when the speed obtained by SAKO is
used for feedback control. (a) Waveforms of n̂, iq, and T̂L. (b) Enlarged
waveforms when the motor starts up.

when the motor is feedforward and feedback controlled by
n̂ and T̂L observed by SAKO. The given speed of the mo-
tor is 10 r/min, and the load torque increases from 0 to
300 Nm. To facilitate comparison, each experiment calcu-
lates the motor speed by POM and SAKO at the same time.

Fig. 12. Response waveforms when the motor is controlled by the
feedforward and feedback controller. (a) Waveforms of n̂ and iq.
(b) Enlarged waveforms when the motor starts up.

As shown in Fig. 13, the speed waveforms of POM and
SAKO are both similar in each experiment. Compared with that
of SAKO, the speed calculated by POM has nearly 20 ms time
delay. It is further proved that SAKO can observe the actual
speed more accurately without any time delay.

As the three experiments respectively use different control
signals for the closed-loop control, their dynamic responses are
different. If n̂ is used to be compared in three experiments
(the first waveform in each experiment), when load torque
changes to 300 Nm suddenly and the control signal is n3, i.e.,
the speed calculated by POM, which has nearly 20 ms time
delay (compared with n̂) and fails to reflect the actual speed
of the motor timely, the speed PI controller then cannot adjust
the condition of the motor timely leading to large speed drop
and long recovery time (500 ms). Compared with POM, when
n̂, i.e., the speed observed by SAKO, is the control signal, it
can reflect the actual speed accurately, and the recovery time
(250 ms) is relatively shorter. As shown in Fig. 13(c), when
n̂ and T̂L observed by SAKO are the control signals for
feedforward and feedback control, the speed variation and the
recovery time (100 ms) are further decreased. If n3 is taken for
comparison in the three experiments (the second waveform in
each experiment), the conclusions are the same. In summary,
when the motor runs at low speeds, since SAKO can observe
n̂ and T̂L accurately and timely, the tracking performance and
dynamic characteristic of the system are both improved to a
certain extent.

VI. CONCLUSION

A SAKO has been proposed in this paper, which constructs
a feedforward and feedback control system by combining with
the motor model. Key conclusions are summarized as follows.
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Fig. 13. Response waveforms at low speeds when the load torque
changes suddenly. (a) n3 is the control signal. (b) n̂ is the control signal.
(c) n̂ and T̂L are the control signals.

1) Compared with the traditional speed measuring method,
the proposed SAKO can observe both the rotor position
and speed precisely and timely.

2) The motor can be controlled perfectly with a small speed
ripple by the rotor position and speed observed by the
SAKO; in addition, the fluctuation of iq is decreased
when the motor starts up.

3) The SAKO can identify the speed timely and precisely
when the motor is in dynamic conditions; thus, the
system controlled by n̂ has a faster dynamic response
performance.

4) The load torque observed by the SAKO can reflect the
motor load timely. The speed tracking ability is improved
by using the observed load torque as a feedforward com-
pensation for the load disturbance.

5) For the motor equipped with an incremental encoder, it
has similar position and speed measurement theories to
that with an absolute encoder. Therefore, the design idea
of the proposed SAKO is also applicable to a drive with
an incremental encoder.
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