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Abstract. The high-performance application of high-power permanent magnet synchronous
motor (PMSM) is increasing. This paper focuses on the parameter estimation of PMSM. A novel
estimation algorithm for PMSM’s dual-rate sampled-data system has been developed. A
polynomial transformation technique is employed to derive a mathematical model for PMSM’s
dual-rate sampled-data system. The proposed modified stochastic gradient algorithm gets more
excellent convergence performance for smaller index €. Simulation and experimental results
demonstrate the effectiveness and performance improvement of the proposed algorithm.

Keywords: permanent magnet synchronous motor (PMSM), dual-rate sampled-data system,
polynomial transformation technique, modified stochastic gradient algorithm.

1. Introduction

Permanent magnet synchronous motor (PMSM) are now widely employed in industrial servo
drives, electric/hybrid electric vehicles, wind power generators, etc., due to their high
power/torque density, high efficiency, and excellent control performance. And then, high
performance control of PMSM drives requires accurate knowledge of the machine parameters.
Often, the online estimation of parameters is required, and the control algorithm can use updated
parameter information and modify the controller behavior accordingly. It is important to obtain
accurate machine parameters for fault detection rotor/stator temperature monitoring, as well as for
achieving high control performance. Many methods have been proposed to obtain the parameters
with different online estimation strategies from the measured terminal signals, such as recursive
least squares (RLS) [1-3], extended Kalman filter (EKF) [4, 5], neural network (NN) [6-8] and the
model reference adaptive system (MARS) [9, 10].

To the aforementioned methods, the input and output channel of discrete-time systems have
the same updating and sampling period in general. A high updating and sampling frequency
therefore enables the acquisition of better accuracy to estimation strategies. On the other hand,
sampling period has limitations relating to hardware performances. Furthermore, sometimes, it is
unrealistic to sample all variables in a complex system with a single frequency. Multirate systems
arise when several sampling and updating rates co-exist in a system, due to some practical
limitations [11, 12]. The identification of multirate systems has received much attention in past
decade, because many practical applications in industry can be found [13]. It is the first step of
parameter estimation to develop an appropriate model structure that is consistent with all different
input/output sampling rates. Generally, there are two main methods to transform the multirate
model: lifting technique [16] and polynomial transformation technique [11, 17-19]. With the two
model transformation techniques, existing methods for multirate system parameters estimation
include sub-space algorithms [17, 19], stochastic gradient (SG) algorithms [19, 20], and least
squares (LS) methods [11]. Ding and Chen [21] presented a stochastic gradient algorithms based
on the auxiliary models for dual-rate systems to estimate simultaneously the system parameters
and the unknown inter sampling output. Ding et al. [20] presented a modified SG (MSG) algorithm
with better convergence performance than SG for parameter estimation using the dual-rate
input-output data. Li et al. [17] used the least squares algorithms to estimate parameters of the
lifted state-space models. J. Ding and F. Ding proposed an LS algorithm to effectively identify
systems parameters with noises [11].
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In this paper, dual-rate system is defined as a special class of multirate system where the input
is update data fast rate and the output is sample data slow rate; the two rates are related by an
integer multiple. To PMSM electrical subsystem, “input” is defined as ug, ug, dq-axis reference
voltages (in volts), measured for PI regulators, that is embedded in high performance
microprocessor, such as FPGA or DSP. “Output” is then defined as i4, 4, actual dg-axis currents
(in amperes), acquired with Hall current sensors and the microprocessor can get the output
information by the A/D converter. Due to limitations of hardware, the sampling speed of the output
(ig» iq) is restricted to be slower than that of input (ug, uz). And then, the sampling period for
PMSM is selected so as to be equal to the longest of those two. On the other hand, sampling
periods are set individually in multirate sampling control [22]. As a result, better performance can
be acquired despite hardware limitations. Many studies have been performed on the system in
which output information cannot be acquired fast enough, such as computer hard disk drives or
visual servo systems [23-25].

The subject of this paper is the design of high performance estimation algorithm for PMSM’s
dual-rate sampled-data system. We consider the design process to involve 1) setting up dual-rate
model of PMSM, 2) developing a modified stochastic gradient algorithm, 3) analyzing the
convergence of the proposed algorithm.

The rest of this paper is organized as follows. Section 2 discusses the PMSM model under
dual-rate sampling. Based on this model, Section 3 proposes a novel parameter estimation
algorithm for dual-rate systems. Section4 and 5 provide the simulation and experimental
validation, respectively. Section 6 summarizes the more important results of this paper.

2. Dual-rate model of PMSM

PMSM speed control is usually achieved using Park’s transformation. This method reduces
the three-phase “uvw” machine equations to a 2-D model. Fig. 1 shows the relationships among
the two reference frames used in the speed control of the PMSM, i.e., the x-y stator reference
frame, and the d-q reference frame corresponding to the real rotor (flux). Due to its simplicity, the
linear model of the PMSM on the stator reference frame Eq. (1) is used in [26]:

- R wlr - I
i[:]=‘z‘ b [J]+L—a, (1)
z23 7 R et | 78

where:

I PR R s AR

and 1, I, ﬁm are the stator voltage, stator current and permanent magnet flux space vectors,
respectively. R and L denotes the stator resistance and inductance. w and 0 are the rotor speed
and position in electrical degrees.

By transforming Eq. (1) into the d-q coordinates, the linear model on the rotor reference frame
is obtained as follows:

30 I Il | P B [ l =l @

Subscripts d and q denote the components on the d-q axes of the rotor reference frame. The
model Eq. (2) can be rewritten in discrete time. The PMSM electrical state-space model is:
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x.(k) = Ax,(k—1) + Bu,(k— 1) + E, ?3)
where:
R T,
_ s _|*s _
A= R_|"B=| 1| E—[—lp—stw(k—nl'
—wk-DT, 1-—T, 0o = L
L L

and x, = [ig,ig]", ue = [ug,uy]"

sampling period.

, the superscript T denotes the matrix transpose. T is the

w
Fig. 1. Two reference frames used in speed control of PMSM

2.1. Polynomial transformation technique

In this paper, we focus on identification problems of PMSM’s dual-rate sampled-data systems.
Fig. 2 shows the dual-rate sampling case, where Hy is the zero-order hold with period T,
converting the discrete-time signal u(k) into a continuous-time signal u(t), S;r is a sampler with
period gT which samples continuous-time signal y(t) to yield a discrete-time signal y(kq), P, is
a continuous-time process (g = 2 is an integer).

of Y k
W, g —> P > S, Y@k,

Fig. 2. The dual-rate sampled-data system

Assuming the continuous-time process P, is the linear time invariant system, the discrete-time
model of P, can be described as:

Y(k)+a1)’(k_1)+a2)’(k_2) +"'+an)’(k_n) (4)
= bou(k) + byu(k — 1) + byu(k — 2) +--- +bu(k —n),

where u(k) and y(k) are the system input and output, a; and b; are the unknown parameters, and
n is the known system order.

Let z~1 be the unit forward shift operator, and A(z) and B(z) be polynomials in z™1:
A@):=1+az7 4 ayz7 %+ +a,z7™,
B(z):=by+ bz ' + byz7% ++- +b,z™™
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Then Eq. (4) can be written into a compact form:

A(2)y(k) = B(2)u(k). ®)

This model assumes that all input and output data {u(k), y(k)} are available. However, in the
dual-rate sampled-data system, we can get all input data {u(k): k =0, 1, 2...} and scarce output
data {y(kq):k=0,1,2..}; the intersample output or missing outputs y(kq + ),
j=12,..,(q — 1) are unavailable. We can use polynomial transformation technique [20] to
derive the dual-rate model from Eq. (5).

Let the roots of A(z) be z; (i = 1, 2,...,n), then:

n

Az) = ﬂu —zz7Y).

i=1
Defining a polynomial with respect to z;:
1 — Z z74 _
$q(2):= 1_[(1 + 2z 22272 e 420270,
i_
Here, we have used the formula:
1-x7=1-x)1+x+x>+-+x771).
Multiplying both sides of Eq. (5) by ¢ (2) yield:

$q(2)A2)y (k) = ¢q(2)B(2)u(k),

or
a(z)y(k) = B(z)u(k), (6)
with:

a(z) = ¢pg(DA2) =1+ ay279 + @z 2+ +a, z7 ", (7a)
B(2) = $q(2)B(2) =:fo + 127" + 277 +++ + Pz (7b)

From Eq. (7), one can see that the model in Eq. (6) makes full use of all input-output data
{utk),y(kq):k=0,1,2..}.

2.2. The model of PMSM with dual-rate sampling data

Here we take p =1, g =2, and assume T, 2T are input and output sampling period
respectively. Exchange polynomial matrix can be expressed as:

R
[ 1—7 w(k—l)T]
y(z) =1+ $ R z 1 8)
[—w(k -DT  1-T J

PMSM discrete-time model Eq. (3) is multiplied by the polynomial matrix Eq. (8), the
corresponding dual-rate mode of PMSM can then be expressed as:
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|[<1—L£T) — w?(k = DT? 2(1—L£T)w(k—1)T ]|
xe(k)_| 3 R R 52 |xe(k_2)
l—Z(l—L—T)w(k—l)T (1—L—T) - 02 (e = D77 |
) s 52 B
P Ut Py
=" T u(k—1) + Tzw(sk—ls) RS T u,(k —2) )
° L l_—LS (1-g7 L_SJ
0 —Iﬁ—mTzw(k—l)
+|_Ym PN B w(k —2).
-, Twtk=1) —¢mT<1—5T)

For the simplification of the problem, we only take into account the d-axis current that can
then be expressed as:

(k) = ariglk — 2) + ayw(k — Dig(k — 2) + Boug(k — 1) + Brug(k — 2)

+By0(k — Dug(k — 2) — frw(k — Dok — 2) — w?(k — DTiq(k — 2), (10)
where:
2
a = (1—L£T) @, = 2<1—L£T>T,
T R \NT T2 T2
Bo :L_' B = (1_L_T)L_' B> :L_' B3 ZIPL .

3. Proposed algorithm

We define parameter vector 9 and input-output data vector ¢p (k) as:

9= [apaz:ﬁo:ﬁl»ﬁz:ﬁs]T,
& (k) = [ig(k — 2), w(k — 1)ig(k — 2),uq(k — 1), uq(k — 2),
w(k — Dug(k —2),—wlk — Dw(k — 2)]T,

and then, with gt substituding k, the model Eq. (10) can be transformed into regression form as:

iq(qt) = ¢"(qt)® — w?(qt — DT?iy(qt — 2), (11

where the superscript T denotes the matrix transpose. In one output sampling period, we think the
motor speed is constant, and then ¢(qt) contains only the available measurement outputs and
inputs.

Let 9(qt) be the estimate of 9 at time qt. It is well known that the SG algorithm can estimate
the parameter vector 9 in Eq. (11) (the DR-SG algorithm for short) [20, 27]. However SG
algorithm has a slower convergence rate compared with the recursive least squares (RLS)
algorithm, but the SG algorithm require slower computation load, because RLS need compute the
covariance matrix [11]. In order to improve the convergence rate and tracking performance of the
DR-SG algorithm, we introduce a convergence index € and present a modified stochastic gradient
algorithm (the DR-MSG algorithm for short) for PMSM as follows:
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3(qt) =9(qt — @)

+¢(qt){y(qt) — [$"(q)9(qt —(qz)— w?(qt — DT?iy(qt — q)]}, 0<e<l (12)
ré(q

d(qt+i)=3(qt), i=01,..,q—1, (13)

r(qt) = r(qt — @) + lld(qD)I*, 7(0) =1, (14)

d(qt) = [ta(qt — q), w(qt — Dig(qt — q),ua(qt — 1), uq(qt — @), (15)
w(qt — Dug(qt — ), —w(gt — Dw(qt — 91",

where 1/r¥(qt) is the step-size and the norm of matrix X is defined by ||X||? = tr[XXT]. The

initial value is chosen to be a small vector, e.g., 9(0) = 10~°1,, with 1,, being an n-dimensional

column vector whose elements are all 1.

4. Simulation results

In this section, we present simulation results to demonstrate the effectiveness of the proposed
algorithm for PMSM system. The simulation environment is the Matlab/Simulink. The Simulink
model of the PMSM parameters identification system with vector control, which includes
parameters identification module, two current PI regulators and one speed PI regulator, has been
constructed. The block diagram of the overall PMSM parameters estimation system is given in
Fig. 3. The parameters of PMSM are given in Table 1. The motor speed response is given in Fig. 4.
The simulation experiment includes two parts, i.e. the MSG identification for single-rate and
dual-rate PMSM system.

. u v
. ;
> >
- PI IPark SVPWM 3-phase
o u, | Transform S Inverter
& —c
A IIJ.
ioi, i,,i,
<+ I
Park " Clarke "
Transform Transform | g 1y
) < +
- T7 LA |
Y u.u, Wy
0 PMSM
g Parameters
Identification
u,,u, 0
[2) . 3
| decoder m encoder |
1

(0]

Fig. 3. The overall diagram of the PMSM parameters estimation system

120

Table 1. Machine parameters

Parameters Value z
Stator resistance (Ohm) 2.875 i
d, g-axis inductance (mH) 8.5 5
Rotor inertia (kg/m?) 0.0008
Permanent magnet flux (Wb) | 0.175
Number of pole pairs 1

20

i . i i ; i i
0 0005 001 0015 002 00%5 003 0035 004
time(s)

Fig. 4. Speed response under w* = 100 (rad/s)

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2014, VOLUME 16, IsSUE 8. ISSN 1392-8716 3693



1452. DUAL-RATE MODIFIED STOCHASTIC GRADIENT IDENTIFICATION FOR PERMANENT MAGNET SYNCHRONOUS MOTOR.
PENG XU, JIAN X1A0

4.1. Parameters identification for single-rate system

In the subsection, simulation results have been obtained to verify the effectiveness of MSG
algorithm for PMSM single-rate sampled-data system. PMSM system inputs (14 4) and outputs
(ig,4) Will be updated/sampled with period T = 1x 10 s in Fig. 3.

From the PMSM discrete-time model Eq. (3), we assume parameter 9, and input ¢, vectors
as:

. — RS T ! c=[i,(k k T
sd.—[l—L—ST,L—S] , ar= [ia(k — 1), ug(k — DI,

To quantify the identification accuracy, we define the estimation error as
8:= 1194 — 9411/119,4|l, measured in the Euclidean norm. The estimation results of applying the
proposed MSG method withe =1, & = 0.9, ¢ = 0.79 and € = 0.78 in Fig. 4.

From Fig. 5(a), it is clearly observed that for smaller &, the error § is becoming smaller (in
general) as time increases. Otherwise, when the € value is smaller than 0.79, the convergence of
MSG is becoming worse from Fig. 5(b). Furthermore, there is an optimal & value to MSG
algorithm for PMSM system.

3 3

1A 25

1 =1 1

A
=09
05 05 =078
£=0.79

0 0005 001 0015 002 0025
time(s)

a)

003 0035

0.04

0 0005 001 0015 002 0025 003 0035
timeis)

b)

0.04

Fig. 5. MSG parameter estimation error §: a) € = 1,0.9,0.79,b) € = 0.78

=1 04
02 =
:=0.( 02
£=0.74
001 0015 007 0025 003 0035 004 001 0015 002 0025 003 0035 004

=073

timefs) time(s)
a) b)
Fig. 6. MSG parameter estimation error § when w > 0:a) e = 1, 0.9,0.74,b) ¢ = 0.73

According simulation results in Fig. 4-5, MSG algorithm for PMSM converges slow and the
parameters estimation 9, is inaccurate in finite time. In PMSM start-up period, especially when
motor speed w < 0, it would result in poor parameter estimates that PMSM is reversible under the
load. In order to eliminate the influence of the load, MSG algorithm is not used to estimate
parameters until motor speed w > 0 in the motor start-up period. The estimation errors § with
e=1,¢=009,&=0.74 and € = 0.73 are illustrated in Fig. 6. Comparing to Fig. 5, it can be
observed that the proposed algorithm estimates the parameters with better accuracy, and also with
an optimal € value.
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4.2. Parameters identification for dual-rate system

In the test, the PMSM system inputs (14 4) will be updated with period T = 1x 10 s and the
outputs (igq,4) sampled with period qT = 2x10Cs.
Here, we can calculate the parameter vector 9 of PMSM dual-rate model Eq. (11) as:

9 = [ay, az'ﬁo'ﬁpﬁz’ﬁs]T
=[0.999,1.999 x 107°,1.177 x 107*,1.176 X 107%,1.177 x 1071°,2.059 x 10~ **]T.

From the true value of the parameter of PMSM dual-rate model, it is well-known that the span
of the components of the parameter vector 9 is much large, and that will bring premature
convergence on DR-MSG algorithm. To avoid the premature convergence, we can get the key
components from the parameter vector 9. The new parameter vector 9 and the corresponding
input-output vector ¢p¢(qt) can be expressed respectively as:

95: = [ag, Bo, B1l, ds(qt): = [ia(qt — 2),ua(gt — 1), uy(qt — 2)]".

0.5 &=0.75 1 =074

0 0.005 001 0.015 0.02 0.025 0.03 0.035 0.04 0 0.005 0 0.015 0.02 0.025 0.03 0.035 0.04
timefs) timels)

a) b)
Fig. 7. DR-MSG parameter estimation error §: a) € = 1, 0.8, 0.75, b) ¢ = 0.74
2 2
1.8 1.8+
1.6 1.6+
14 14
12 12
w1 e 1
0 08
06 =1 06
“ =08 14
0.2 e 02 =072
0 . , . \ . . .
0.m 0.015 0.02 . 0.025 003 0.035 0.04 0.01 0.015 0.02 0.025 0.03 0.035 0.04
time(s) time(s)
a) b)

Fig. 8. DR-MSG parameter estimation error § when w > 0:a) € = 1,0.8,0.73,b) ¢ = 0.72

b

18
16
14

12

04 Dual-rate Single-rate

001 0M5 002 0025 003 0035 004
time(s)

Fig. 9. Comparison between the proposed DR-MSG and MSG
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The PMSM parameter estimation errors of DR-MSG algorithm are shown in Fig. 7 (whole
procedure) and Fig. 8 (w > 0). The aforementioned results in the single-rate simulation are also
obtained. Comparison with MSG in PMSM’s single-rate data-sampled system is shown in Fig. 9.
The two estimations are with optimal € values respectively. From the comparison, it is observed
that DR-MSG is with the higher convergence performance, and what’s more, DR-MSG algorithm
estimates the motor parameters on the missing outputs.

5. Experimental results

The experimental results have been obtained with a 0.375-kW PMSM with a control board
base on TMS320F2812 DSP. The configuration of PMSM drive plant is shown in Fig. 10. The
experimental equipment includes magnetic powder brake for applying load torque to the motor,
an optical encoder for position feedback. The data are sampled with the period T = 1 ms, and then
been loaded into ‘MATLAB?’ to analyze the results. The velocity of reference input is 300 r/min,
and the load can be adjusted by the magnetic powder brake DC current. To clearly analyze the
convergence performance of DR-MSG, the estimation errors § are illustrated in Fig. 11 with the
brake current 20 mA. It is clearly proved that for smaller &, the convergence performance is
becoming better. The same results can be obtained as the simulation.

Power Inverter Module | | DSP | | Brake | | PMSM |
Fig. 10. Experiment plant of PMSM driver

0.2 DR-MSG,£=0.1
01 DRRLS
s 4 i5 3 25 5 a5 4 45 s %W oF U A& 28 dr- 35 B 8
time(s) time(s)
Fig. 11. DR-MSG parameter estimation error § Fig. 12. Comparison between DR-MSG

and DR-RLS [11]

lb=160ma

. 1b=20ma

] 0.5 19 o A8 2 25
timefs)

Fig. 13. Comparison between brake current 20 mA and 160 mA
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The dual-rate recursive least squares algorithm (the DR-RLS for short) [11] is applied to the
PMSM’s dual-rate sampled-data system. Comparing with DR-MSG, the estimation results are
shown in Fig. 12. From the comparison, it is observed that the convergence accuracy of DR-MSG
algorithm is very close to that of the DR-RLS algorithm [11], and what is more, it has lower
computation load than the DR-RLS algorithm. Furthermore, the magnetic powder brake DC
current is adjusted to 160 mA in order to increase the load. Comparing with the aforementioned
experiment, the DR-MSG (& = 0.1) estimation errors § are shown in Fig. 13. From the experiment
results, it is proved that the load disturbs the parameter estimation of DR-MSG algorithm.

6. Conclusions

In this paper, the dual-rate model of PMSM is deduced with polynomial transformation
technique. A novel modified stochastic gradient algorithm is presented for the parameter
estimation of the PMSM’s dual-rate sampled-data system. Simulation and experimental results
demonstrate the effectiveness of the proposed DR-MSG algorithm. The estimated parameters are
closer to the actual ones for smaller convergence index €. Both simulation and experimental
results show that the applied load has a direct impact on the parameter estimation.
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