IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

5151

A Parameter Identification Method Based on

Reduced-Order Observer for SPMSM With Deadbeat
Predictive Current Control

Xiao Chen, Shuo Zhang

Abstract—Deadbeat predictive current control (DPCC) is widely
adopted in surface-mounted permanent magnet synchronous mo-
tors due to its superior control performance. However, DPCC
heavily relies on the accuracy of the motor mathematical model,
which means that parameter mismatches can induce current errors
and pulsations. To enhance the parameter robustness of DPCC, this
article proposes an online parameter identification method based
on a reduced-order observer. First, sensitivity analysis of stator
resistance, stator inductance, and rotor flux linkage is conducted
to investigate current errors caused by individual parameter mis-
matches. Subsequently, stator inductance is estimated based on
voltage equations, with recursive least squares. A reduced-order
state observer is then employed to estimate rotor flux linkage, ac-
companied by stability analysis of the observer. Finally, the current
control performance and parameter identification effectiveness of
DPCC with the proposed method are analyzed by simulations and
comparative experiments. It is verified that the proposed method
effectively suppresses steady-state current errors and harmonic
components induced by parameter mismatches.

Index Terms—Parameter identification, recursive least squares
(RLS), reduced-order observer, surface-mounted permanent
magnet synchronous motor (SPMSM).

1. INTRODUCTION

URFACE-MOUNTED permanent magnet synchronous

motors (SPMSMs) are widely adopted in industrial appli-
cations such as automobiles, elevators, and so on due to their
good reliability, high power density, high efficiency, and precise
control capability [1], [2].

A. Literature Review

Control strategies for PMSM can be categorized into two
primary frameworks: field-oriented control (FOC) and direct
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torque control. Among these, FOC has gained widespread
adoption due to its superior control precision and minimized
torque pulsations [3]. Building upon FOC architecture, various
current control methodologies have been developed, including
hysteresis current control [4], proportional-integral control [5],
and model predictive control. In contrast to these two methods,
model predictive current control exhibits excellent steady-state
and dynamic performance with enhanced control bandwidth [6],
[7]. Particularly, deadbeat predictive current control (DPCC)—
characterized by its straightforward implementation principle,
computational simplicity, and exceptional transient response—
has attracted substantial research attention and found extensive
industrial applications [8], [9].

As a model-based control strategy, DPCC is susceptible
to the accuracy of motor parameters. During practical mo-
tor operation, critical parameters, including rotor flux link-
age, stator inductance, and stator resistance, may deviate from
their nominal values due to temperature variations and mag-
netic saturation effects. Such mismatches exacerbate multi-
ple operational challenges: current harmonic distortion, current
tracking deviations, torque pulsations, and efficiency deterio-
ration [10], [11].

To enhance the parameter robustness of DPCC, methods such
as disturbance observation and parameter identification have
been proposed. The disturbance observer-based method oper-
ates by continuously observing and compensating disturbance
quantities induced by parameter mismatch, thereby indirectly
addressing model inaccuracies. In contrast, parameter identi-
fication techniques directly estimate actual motor parameters,
categorized into offline and online identification [12]. Since
motor parameters vary dynamically during operation, online
parameter identification has emerged as a predominant re-
search focus. Online parameter identification can be categorized
into numerical methods, observer-based methods, and Al-based
methods [13].

Numerical methods perform iterative parameter identification
based on motor mathematical models and measured data,
including low-pass filters, recursive least squares (RLS),
extended Kalman filtering (EKF), and model reference adaptive
system (MRAS). Xiao and Griffo [14] construct a rotor flux
linkage identification formula using the g-axis current equation
and voltage measurements, and employ low-pass filters to
eliminate noise in flux linkage calculations. RLS and EKF
are essentially filtering algorithms. RLS has been widely
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applied to various motor parameter identifications due to its
implementation simplicity: Zhang et al. [15], [16] and Zhou et al.
[17] employ RLS to identify stator inductance, rotor flux linkage,
and third-harmonic rotor flux linkage respectively; Feng et al.
[18] derive permanent magnet flux linkage and cross-saturation
inductance using polynomial-based flux models with least
squares identification; Liu et al. [19] achieve decoupling of
resistance and inductance through electromagnetic torque
and reluctance torque, followed by RLS-based identification.
EKF offers high identification accuracy but is computationally
intensive. Zhou et al. [20] decouple stator inductance and rotor
flux linkage based on current prediction error models and imple-
mented EKF-based identification. Wang et al. [21] compensate
rank deficiency via incremental current prediction error models
and performs full-parameter identification combined with
MRAS.

Unlike disturbance observers, certain observers, such as adap-
tive observers (AOs) and sliding-mode observers (SMOs), are
employed to directly identify the electromagnetic and mechan-
ical parameters of electric motors. [22] employs an adaptive
interconnected observer to estimate stator inductance, resis-
tance, and rotor position. [23] proposes an AO augmented with a
high-frequency signal injection technique for sensorless control.
AOs offer real-time parameter tuning and robustness to slow
parameter variations, but suffer from slower convergence and
sensitivity to measurement noise. [24] proposes a reduced-
order position observer with stator-resistance adaptation for
motion-sensorless PMSM drives. The reduced-order observer
significantly reduces computational burden by decreasing the
dimensionality of state variables, but it is unsuitable for param-
eter identification tasks with severe coupling effects. [25] and
[26] employ the second-order terminal SMO to estimate me-
chanical parameters of PMSM. SMOs provide fast convergence
and strong robustness against disturbances but exhibit inherent
chattering effects. Some researchers combine different types of
observers to leverage their respective advantages. An integrated
observer comprising an extended sliding mode observer and
a Luenberger observer is implemented to identify mechanical
parameters [27].

Al-based methods have gradually gained widespread atten-
tion. However, these methods exhibit high computational com-
plexity and demanding hardware requirements. Xie et al. [28]
and Yang et al. [29] employ the particle swarm optimization
algorithm and the superior raccoon optimization algorithm re-
spectively to identify motor parameters.

If the rank of the PMSM model is less than the number of
parameters to be identified, rank deficiency occurs, preventing
estimated values from converging to correct results. Liu and Du
[30] and Wang et al. [31] resolve this by injecting high-frequency
current to increase the model rank while simultaneously achiev-
ing identification of four parameters. While effectively resolv-
ing rank deficiency, these methods introduce additional high-
frequency harmonics or increase algorithmic complexity. An
alternative strategy reduces the number of identifiable param-
eters. Zhang and Wang [32] neglect the stator resistance with
negligible influence and substitute stator inductance for rotor
flux linkage.
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B. Motivation and Innovation

The conventional DPCC method relies on precise motor
mathematical models. Consequently, its control performance
degrades under parameter mismatch conditions. Specifically,
mismatches in stator inductance and rotor flux linkage have
particularly pronounced impacts. The primary motivation of this
article is to propose an easily implementable online identifi-
cation method for stator inductance and rotor flux linkage in
order to enhance parameter robustness of DPCC. The principal
innovations of the proposed method are summarized as follows.

1) Based on the physical characteristics of stator inductance
and rotor flux linkage, an RLS algorithm with forgetting
factor and an adaptive reduced-order observer are inte-
grated and employed for the identification of these two
parameters, ensuring ease of implementation and satis-
factory identification performance.

2) To eliminate cross-coupling effects from rotor flux linkage
mismatch during stator inductance identification, a stator
inductance estimation model is formulated based on the
d-axis voltage equation.

3) The rotor flux linkage is extended as a state variable in
the motor system, estimated through a reduced-order state
observer. A self-adaptive feedback gain that adjusts with
motor speed is employed to balance estimation stability
and dynamic convergence speed.

C. Paper Organization

This article is organized as follows. Section II introduces
the principles of DPCC for SPMSM, followed by parameter
sensitivity analysis. Section III details the online identification
methodology for stator inductance and rotor flux linkage using
RLS and a reduced-order observer. Section IV presents compar-
ative simulation studies between conventional DPCC and the
DPCC with the proposed parameter identification method under
various operating conditions, demonstrating enhanced current
control performance. Section V conducts experiment studies
under corresponding operational scenarios to further verify the
practical effectiveness of the proposed method. Section VI con-
cludes this article with key findings and contributions.

II. PARAMETER SENSITIVITY ANALYSIS IN DPCC oF SPMSM
A. Deadbeat Predictive Current Control

DPCC has emerged as a promising strategy for SPMSM due
to its rapid dynamic response and inherent compatibility with
digital control system. The structural diagram of the DPCC
method is illustrated in Fig. 1.

The dynamic model of PMSM is derived from a two-phase
winding system in the rotor rotating reference frame, consisting
of the direct axis (d-axis) and quadrature axis (g-axis) [33].
For SPMSM, the d-axis and g-axis stator inductances can be
considered equal, i.e., Ly = Lq = L,. The d-g axis stator voltage
equations for an SPMSM are presented as follows:

{ud = Ryig+ L% —w,.Lgi,

. ; ‘ (D
ug = Ryig + LS% + weLsiq 4+ wethy



CHEN et al.: PARAMETER IDENTIFICATION METHOD BASED ON REDUCED-ORDER OBSERVER FOR SPMSM WITH DPCC

" S, u,
u,™ —p —
dq Sz ug
urs | SVPWM TP Inverter -u—> SPMSM
i > —— < Encoder
udrc/v T T uqref X . O
u (k+1) DU/ Iq
One-step i dq Ly
%+1)| DPCC |j&—*— i
Delay u,(k+1) ® ABC
idref T T l'qref
Fig. 1.  Structural diagram of the DPCC method.

where u 4 and u, represent the d-axis and g-axis stator voltages;
iq and i, denote the d-axis and g-axis stator currents; w, is the
electrical angular velocity; R, is the stator resistance; L is the
stator inductance, and 1)y is the rotor flux linkage.

By rearranging (1), the continuous-time state-space represen-
tation of the SPMSM can be derived as follows:

t=Ax+ Bu+C 2)
with

xr = (id iq)T,u = (ud uq)T

R 1
— = We 0
—We T I, L. Yf

In digital control systems, it is necessary to convert the
continuous-time motor model into a discrete-time counterpart.
In addition, the issue of delay compensation arises: the voltages
calculated in the (k)th sampling period cannot be applied to the
motor until the (k+1)th period, thereby requiring the currents
at the (k+1)th instant for voltage computation [34]. To address
these issues, DPCC employs the first-order Euler formula to
discretize (2) and (1), yielding the current prediction equation
and voltage computation equation as follows:

2

g™ (k+1) = (1 - %) ia(k) + Tsweiq (k)
+%§Ud(k) (3)

Z’qpfe (k + ]_) = (]_ — Ri?g) Zq(k) - Tsweid(k)
_%wewf + %uq(k

wa (k1) = (Ry = B )i (k + 1) + Beig™
—weLsig™® (k + 1) 4)

wg (k+1) = (Ro = %) ig™ (b + 1) + Jeig™
FweLgia? (k+ 1) + wetps

where i4P°(k+1) and i,P(k-+1) represent the predicted d-axis
and g-axis currents at the (k+1)th sampling instant; i (k) and
i4(k) represent the d-axis and g-axis currents at the (k)th sampling
instant; i, and i,"' represent the d-axis and g-axis reference
currents; uq(k), uq(k), uq(k+1), and uy(k-+1), respectively, de-
note the voltages applied to the d-axis and g-axis at the (k)th and
(k+1)th sampling instants; T’ is the sampling time.

As demonstrated in (3), DPCC predicts the stator currents
at the (k+1)th instant during the (k)th sampling period. These
predicted currents are then incorporated into (4) to calculate the
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stator voltages at the (k+1)th instant, thereby achieving delay
compensation.

B. Parameter Sensitivity Analysis

DPCC relies on accurate motor model and parameters. How-
ever, during motor operation, the actual values of critical param-
eters may deviate from their nominal values, leading to adverse
effects on the performance of the control system. Therefore,
analyzing the parameter sensitivity of DPCC is of critical im-
portance.

This section will respectively discuss the prediction current
error and voltage error caused by the mismatch of stator resis-
tance R, stator inductance L, and rotor flux linkage 1) +. Suppose
the actual parameter values R0, Lso, and 159 deviate from the
nominal values R, L, and 1) yemployed in the control algorithm
by AR, AL, and Avy.

When only stator resistance mismatch exists, substituting
Rs = Ryo+AR; and R into (3) and (4) respectively, followed
by computing their differences, yields the predicted current and
voltage errors as

— TPy (k)

Aig™® (k+1) ©)
Aife (k+1) = _%iq(/@)
Aug (k+1) = AR, P (k+1) + (1 _ TSTRjn> ia(k)
" [Fwe g (k)
g™ _ T:Rw ),
Aug(k+1) = AR, |0 KT+ (1 L. ) ig(k)|
_weTsid(k)

(6)

When only stator inductance mismatch exists, substituting L
= Ly o+AL and Ly into (3) and (4) respectively, yields the
predicted current error voltage errors as

B 4 1) = gt (Reialh) — valh)

T.AL. Rsoiq(k) + welfffo] @)

Aig™ (k+1) = 270551

—ugq(k)

AUd (k + 1) — ATil;g (Z-dref_idpre) + (1:{‘5 _ LSO;SALS> Aidpre
— we (Lso AP + ALgi ™)
By (k1) = B2 (i =i7™) + (R, — LBl ) A
+ we (LsoAig”® + ALgig™)

®)
When only rotor flux linkage mismatch exists, substituting

Y= Yp+Avrand ¢y into (3) and (4) respectively, yields the
predicted current error voltage errors as

AigP (k+1) =0 .
AiqPre(k+1):_f:weA¢f ( )
Aug(k+1) = MGQTSAQﬁf

. 10
Aug (k+1) = (2— %) we At s (10
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Asindicated by (5)—(10), during steady-state motor operation,
mismatches in stator resistance R, or rotor flux linkage 1y will
induce constant errors in the predicted currents and voltages,
resulting in steady-state deviations between the actual currents
and their reference values. Conversely, a mismatch in stator
inductance L, introduces oscillatory errors in the predicted
currents and voltages, causing the d- and g-axis currents to
oscillate around their reference values. Furthermore, the errors
caused by stator resistance mismatch are significantly smaller
than those arising from rotor flux linkage and stator inductance
mismatches. Due to their relatively minor impact, stator resis-
tance mismatches can be neglected to a certain extent. Therefore,
this article focuses primarily on the online identification of stator
inductance L, and rotor flux linkage 1.

III. IDENTIFICATION OF MOTOR PARAMETER

The rotor flux linkage is a field quantity generated by per-
manent magnet and exhibits slow-varying behavior, which can
be extended as a state variable. A reduced-order observer is
utilized to estimate rotor flux linkage, offering both implemen-
tation simplicity and reliable performance. Since the observer is
constructed based on the motor model and depends on accurate
stator inductance parameter, it is necessary to perform indepen-
dent identification of the stator inductance prior to estimating
the rotor flux linkage.

The stator inductance is directly proportional to the perme-
ability of the magnetic core. Influenced by the magnetic satu-
ration level of the core, the stator inductance can undergo rapid
shifts under dynamic conditions with abrupt current changes,
such as severe load transients, thus requiring an identification
algorithm with fast convergence. To address this, the RLS algo-
rithm combined with the physical motor model is employed for
stator inductance identification.

A. Stator Inductance Identification by RLS

RLS algorithm is an adaptive filtering technique that recur-
sively updates parameter estimates by minimizing the sum of
exponentially weighted squared errors, making it particularly
suitable for real-time identification of motor parameters. As-
suming that the unknown parameter x to be identified satisfies
the following identification model:

Y=A2z (11)

where Y represents the output vector and A represents the input
matrix, both of which are utilized to determine the parameter x.

When sufficient input-output data are available, it is necessary
to employ the least squares method to obtain the least squares
estimates of x, thereby mitigating the effects of model noise and
measurement noise

#=(ATA)ATY. (12)

In real-time parameter identification, where both the output
vector Y and the input matrix A undergo continuous updates, it
is imperative to employ the RLS algorithm for real-time updates
of the estimated parameter x”

13)

AN -1 .
Er=dp1+ (AT Ar)  ar” (yr — ande-1)
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where x"; and x7;,_; represent the parameter estimates at the (k)th
and (k-1)th sampling instants; a and yj, correspond to the newly
acquired input and output data at the (k)th sampling instant; Ay,
= (ap; ai1; ...; ai1; ax) denotes the input matrix composed of
all input vectors from the initial sampling instant up to the (k)th
sampling instant.

Based on (13), the covariance matrix is defined as Py =
(ALTA)". To circumvent matrix inversion operations, Py, is typ-
ically transformed into an equivalent form using the Sherman-
Morrison Formula

Py_1apap”
P.=(]—-——+Frri— | P_
k ( 1+ akTPk_lak bt

where Pj,1 = (Aj-1 Ap1)! represents the covariance matrix of
the historical input data.

According to (13) and (14), RLS can update the parameter
estimate at each sampling period based on Pj_1, aj, and yg.
However, if an excessive amount of historical data is accumu-
lated, RLS may fail to track changes in the stator inductance
rapidly. Therefore, a forgetting factor A is employed to weight
the historical data, by replacing Py_; with Py_;/Xx. In addition,
the gain vector is introduced as K, = Pra;”. Consequently, the
recursive formula is given below

(14)

Tp = Tp_1 + Ky, (yk — CLkak—l)

_ Py_1ak
Ky = rtarT Pr_iay

P, =1 (I - Kray") Py

5)

As indicated by (1), the g-axis voltage equation simultane-
ously contains both parameters to be identified—stator induc-
tance L, and rotor flux linkage 1) ;—whereas the d-axis voltage
equation contains only the stator inductance Lg. Therefore, this
section will employ the RLS algorithm based on the d-axis
equation to identify L.

Since RLS is based on a linear model, it is significant to
reformulate the d-axis voltage equation into the form shown in
(11). Considering that SPMSMs operate under the i ; = 0 control
strategy, both i, and its derivative di, /dt can be approximated
as zero. The stator inductance identification model based on the
d-axis voltage equation can be expressed as

Y =ap - T (16)
with
=L,
Y = ua(k)
ar = —weiq(k)

where u, (k) is the voltage applied to the daxis at the (k)th
sampling instant; i, (k) is the stator current on the g-axis at
the (k)th sampling instant.

In practical applications, the value of the forgetting factor A
influences both the convergence speed and accuracy of RLS.
A smaller forgetting factor enables RLS to track variations in
the stator inductance more rapidly, but simultaneously increases
its sensitivity to noise. To mitigate the impact of noise while
maintaining satisfactory convergence speed, this paper sets A =
0.995.
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B. Rotor Flux Linkage Identification With Reduced-Order
Observer

To address the adverse impact of rotor flux linkage mismatch,
a Luenberger observer is employed for online identification of
the rotor flux linkage. To ensure that the Luenberger observer
can effectively estimate the rotor flux linkage, it is essential
to reformulate the state-space representation presented in (2)
accordingly. First of all, the rotor flux linkage is extended to serve
as the third state variable and the representation is discretized
by using first-order differences
x(k) =Gz (k—1)+ Hu(k — 1) 7

yk—1)=Cx(k—1) (17

with

p(k=1) = (¥r (k—=1) da(k—1) ig(k—1)"
wk—1)= (ua(k—1) ug(k—1))"

q
0 0
G=| 0 1-5L T
_Title —Tywe 1 — Tiiljg
0 0
H= |1 0
0 zt

010
C =
(O 0 1)

where i4(k-1) and i,(k-1) respectively represent the stator cur-
rents on the d-axis and g-axis at the (k-1)th sampling instants;
uq(k-1) and u,(k-1) are the voltages applied to the d-axis and
g-axis at the (k-1)th sampling instant; 1) f(k-1) and v (k) are the
rotor flux linkages at the (k-1)th and (k)th sampling instants.

The traditional Luenberger observer has the same dimension

as the system, making it a full-dimensional observer. However,
the state variables i4 and i, can be directly measured by current
sensors, while the remaining state variable, rotor flux linkage
1y, can be estimated using a one-dimensional reduced-order
observer. The design of a reduced-order observer can be divided
into the following three steps.

1) Decompose the system’s state into two components, x;
= tppand xo = (iq i,)’, based on detectability. Here, x;
requires reconstruction, while xs can be directly acquired
from the measurable output y. The system structure after
transformation and decomposition is illustrated in Fig. 2,
where the subsystem X; enclosed by the dashed box is
the one to be reconstructed. Consequently, the state-space
representation of the system will take the following form:

(o) = (G Gy (o)
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Fig. 2. Structural diagram of the system decomposed by detectability.

(18)
with
Gii=1, Gi2=(0 0)
o= () n- (52 )
Ty 0
Hy= (0 0),H,= (ﬁ; zi)

vie=b= (EG ) we-n= (G )

1) From (18), the state-space representation of the subsystem
Y1 can be reconstructed as follows:

l'l(k) = GHIL'l (k - 1) + M (k - 1)

M(k* 1) :Glgfﬂg (k* 1) +H1U(l€* ].)

z (k‘ — 1) = G21$1 (k? — 1) = l‘g(k}) — G22$2 (k — 1)
- HQ’LL (k — 1)

(19)
where M(k-1) and z(k-1) represent the known input and output
of the subsystem 3J; at the (k-1)th sampling instant.

1) In subsystem X, to verify that the state vector x; can be
reconstructed from the output M and input z, it is necessary
to analyze the observability of this subsystem. From (19),
the state matrix of X; is G171, the output matrix is Gaq,
and the number of state variables is n = 1. Thus, the
observability matrix N of this discrete-time system is

Ga1
G21G11 0
N = : =Gy = EE (20)
. Ls
Go1G11"t
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Structural diagram of the reduced-order observer.
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Delay

Reduced-order Observer

Fig. 3.

From (20), it is evident that the rank of the observability matrix
N is 1 when the motor speed w.#0, proving that subsystem X1
is fully observable.

The traditional Luenberger observer is an asymptotic state
observer. Building upon the open-loop observer framework,
it incorporates a feedback correction channel that utilizes the
output y to rectify the state estimation error. By adopting
the aforementioned design methodology, the equation of the
reduced-order observer can be derived as follows:

#1(k) = (G11 — LGo1)i1(k — 1) + M(k — 1)+ Lz(k — 1)
2D
where x"1 (k-1) and x™ (k) represent the estimates of the state x;
= 1)y at the (k-1)th and (k)thO sampling instants, respectively; L
is the feedback matrix of the observer to be designed.
By substituting (19) into (21), the identification equation for
the rotor flux linkage is derived as follows:

(Gll — LGQl)'(ZJf(k — 1) + (G12 — LGQQ)y(k‘ — 1)
+ (Hy — LHz)u(k — 1) + Ly(k) 22)

Yy(k) =

where W ¢ (k — 1) and ¥ s (k — 1) are the identification results of
the rotor flux linkage at the (k-1)th and (k)th sampling instants,
respectively.

The structural diagram of the reduced-order observer is il-
lustrated in Fig. 3. According to (1), the rotor flux linkage
exclusively influences the g-axis current and remains inde-
pendent of the d-axis current. Therefore, feedback correction
of the estimated rotor flux linkage only requires utilizing the
sensor-detected g-axis current. Set L = (0 [3).

The parameter identification method proposed in this article
utilizes the measured dg-axis currents and rotor electrical angu-
lar speed, along with the calculated dg-axis voltage commands
as inputs to accomplish parameter identification. The method
consists of two sequential stages: First, an independent and
decoupled identification of stator inductance is performed based
on the d-axis voltage equation using the RLS algorithm. Subse-
quently, the updated stator inductance estimate is employed in
the reduced-order observer for rotor flux linkage identification.
The DPCC algorithm utilizes these estimated parameter values
for current prediction and voltage calculation. Fig. 4 shows the
control block diagram of the DPCC algorithm incorporating the
proposed parameter identification method.
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Fig. 4. Control block diagram of DPCC with the proposed parameter identi-
fication method.

C. Stability Analysis for the Reduced-Order Observer

To analyze the impact of the feedback matrix on the stabil-
ity of the reduced-order observer, the state estimation error is

introduced as follows:
e(k) = x1(k) — @1 (k). (23)

Subsequently substituting (19) and (21) into (23), the state
estimation error equation is derived as

e(k) = Gllxl(k71)+M(l€71)7(G117LG21)£’1(]€71)
— M(k—1)— Lz(k — 1)
= Glll’l (k‘—l)—(Gll—LGm).’i‘l (k‘—l)—LGgll‘l(k’—l)

= (GH — LGgl)e(k’ — 1). (24)

From (24), the stability of the observer depends on the
eigenvalues of the matrix G11—LGo;. If the magnitudes of all
eigenvalues of G11—LGo; are less than 1 (i.e., lie within the unit
circle), the estimation error e(k) will asymptotically converge to
zero over time, and the observer is thereby stabilized.

To ensure the estimated rotor flux linkage asymptotically

converges to its true value, the feedback matrix L = (0 /3) must
satisfy the following inequality:
Ts e QLS
|)\(G11LG21)|‘1+ le <l=— o <l <0
(25)

where L(G11—-LG2;) is the eigenvalue of the matrix G11—LGo;.

As shown in (25), the poles of matrix G;1—-LGo; can be
arbitrarily assigned by selecting the feedback gain I, thereby
influencing the convergence of observation errors. Simultane-
ously, the poles of G11—-LGo; are also affected by the motor
speed we.

When the poles are close to the origin (i.e., |\(G11-LG21)|—0),
the observer achieves faster convergence but may amplify noise
or high-frequency disturbances. Conversely, when the poles
approach the unit circle boundary (i.e., |A(G11-LGa1)|—+1), the
observer exhibits slower convergence but stronger robustness
against noise and disturbances.

If fixed feedback gain I5 is selected, the observer’s con-
vergence speed becomes slower at low speeds and gradually
improves as the speed increases, albeit at the cost of reduced
disturbance rejection. To ensure consistent convergence perfor-
mance across different speeds (i.e., to maintain uniform pole
placement), the proposed reduced-order observer adaptively
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TABLE I
PARAMETERS OF SPMSM

Parameter Description Value
Py Rated power(kW) 1
Tax Max Torque(Nm) 10
P Number of pole pairs 4
Ry Stator resistance(Q) 0.365
Ly Stator inductance(mH) 1.225
W Rotor flux linkage(Wb) 0.1667
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Fig.5.  Simulation results under 2-fold Ls mismatch and 1.5-fold +)y mismatch
at 800 r/min and 5 N-m. (a) and (c) Method 1. (b) and (d) Method 2. (e) and
(f) Identification results of method 2.

adjusts the feedback gain /5 based on the motor speed w., as
expressed in the following equation:

Ls
Iy = —k

ke (0,2
Tswe' €(0.2)

(26)
where k is a tunable gain for achieving different pole configura-
tions. Based on simulation and experimental results, this article
ultimately sets k = 0.0274.

IV. SIMULATION STUDY

To preliminarily verify the effectiveness of DPCC with the
proposed parameter identification method, an SPMSM simula-
tion model is established on the MATLAB/Simulink platform
for simulation study. The relevant parameters of the SPMSM are
shown in Table I. The inverter’s switching frequency is 20 kHz,
the controller’s sampling time is 50 us and the dead time is set to
2.5 ps. This section will present the current control performance
of both methods, where method 1 is the conventional DPCC
and the method 2 is the DPCC with the proposed parameter
identification method. The parameter identification results of
method 2 will also be demonstrated.

Fig. 5 demonstrates the current control performance of both
methods under steady-state motor operation with a two-fold
mismatch in stator inductance and rotor flux linkage, along
with the parameter identification results of method 2. The motor
operates at a speed of 800 r/min and a torque of 5 N-m. As
shown in Fig. 5, the parameter mismatch causes significant
current disturbances in method 1, with a steady-state error in the
g-axis current. In contrast, the parameter estimates of method 2
converge to the vicinity of the true values within a short period,
enabling the currents to accurately track the reference values and
significantly reducing disturbances.
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4 N-m. (a) Method 1. (b) Method 2. (¢) and (d) Identification results of method 2.
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Fig. 8. Simulation results under 0.5-fold v mismatch at 600 r/min and 3-6-
4 N-m. (a) Method 1. (b) Method 2. (¢) and (d) Identification results of method 2.
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4 N-m. (a) Method 1. (b) Method 2. (¢) and (d) Identification results of method 2.

Figs. 6-9 present the d-g axis current control performance
of both methods under different parameter mismatch conditions
during step changes in motor torque, along with the parameter
identification results of method 2. The motor operates at a
speed of 600 r/min, with the torque undergoing step changes
from 3 to 6 to 4 N-m. As evidenced by these figures, method
2 effectively handles various parameter mismatch scenarios,
enabling accurate tracking of reference values for the d-g axis
currents. Notably, the parameter identification results remain
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results of method 2.
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Fig. 11. Simulation results under parameter step at 600 r/min and 5 N-m.
(a) Method 1. (b) Method 2. (¢) and (d) Identification results of method 2.

unaffected by step changes in motor torque, demonstrating
strong robustness.

As indicated in (9) and (10), the error caused by rotor flux
linkage mismatch is speed-dependent. Fig. 10 demonstrates the
currents and parameter identification results of both methods
under a 1.5-fold rotor flux linkage mismatch condition during
step changes in motor speed. The motor speed steps from 400 to
800 r/min, with the torque maintained at 5 N-m. The results
reveal that method 1 exhibits increased steady-state current
tracking error during the speed step, whereas the currents of
method 2 remain unaffected by the speed transient.

Fig. 11 presents the currents and parameter identification re-
sults of both methods under step changes in stator inductance and
rotor flux linkage, respectively. The motor operates at a speed of
600 r/min with a torque of 5 N-m. In contrast to method 1, method
2 rapidly identifies accurate parameters within a short duration,
suppresses errors induced by abrupt parameter mismatch, and
ensures precise tracking of current reference values.

V. EXPERIMENTAL STUDY

To further validate the feasibility of the proposed method,
experimental studies are conducted on the experimental platform
shown in Fig. 12. The current control performance of method 1
and method 2 is compared under different operating conditions.
In addition, this section compares three parameter identification
methods: the proposed method (method 2), the decoupled pa-
rameter identification method with Kalman filtering (KF) [20]
(method 3), and the parameter identification method with only
reduced-order observer (method 4). The digital signal processor
employed in the control board is TMS320F28377d, while the
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Fig. 13.  Experiment results of phase-A current under 2-fold L, mismatch and
1.5-fold vy mismatch at 800 r/min and 5 N-m. (a) Method 1. (b) Method 2.
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Fig.14.  Parameter identification results under 2-fold L mismatch and 1.5-fold

2y mismatch at 800 r/min and 5 N-m. (a) Stator inductance. (b) Rotor flux
linkage.

decoder chip integrated in the resolver board is AD2S1200, and
the power module utilized in the drive board is FNB43060T2.
The inverter’s switching frequency is 20 kHz, the controller’s
sampling time is 50 us and the dead time is set to 2.5 us. The dc
supply voltage is set to 120 V.

During steady-state motor operation, the current control per-
formance of methods 1 and 2 is comparatively evaluated un-
der parameter mismatch conditions (2-fold stator inductance
mismatch and 1.5-fold rotor flux linkage mismatch). Fig. 13
demonstrates the phase-A current waveforms of both methods at
amotor speed of 800 r/min with 5 N-m torque. Method 1 exhibits
a total harmonic distortion (THD) of 76.34% in its phase-A
current, whereas method 2 achieves a significantly reduced THD
of 4.88%, indicating that the proposed method can effectively
mitigates current harmonic components induced by parameter
mismatches.

Fig. 14 shows the parameter identification results of methods
2,3, and 4 at 800 r/min and 5 N-m. The RLS algorithm used in
method 2 achieved convergence of the stator inductance estimate
within 720 sampling periods (36 ms), with an error within +3%.
Meanwhile, the reduced-order observer achieved convergence
of the rotor flux linkage estimate within 176 sampling periods
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Fig. 16.  Parameter identification results at 600 r/min and 3-6-4 N-m. (a) and

(b) Stator inductance and rotor flux linkage under no parameter mismatch.
(c) and (d) Stator inductance and rotor flux linkage under 0.5-fold L mismatch.
(e) and (f) Stator inductance and rotor flux linkage under 2-fold L; mismatch.

(8.8 ms), with an error within £2%. Compared with method
3, method 2 exhibits faster identification speed for stator in-
ductance and slightly slower but more accurate identification
of rotor flux linkage. In comparison with method 4, method 2
demonstrates superior performance in both identification speed
and accuracy, proving that the combined use of RLS and the
reduced-order observer better matches the characteristics of the
two parameters.

During torque step changes of the motor, the current perfor-
mance of methods 1 and 2 under parameter mismatch conditions
is presented in Figs. 15 and 17. The motor operates at 600 r/min
while undergoing stepped torque variations from 3 to 6 to4 N-m.
Figs. 16 and 18 display the parameter identification results of
methods 2, 3, and 4 under these operating conditions. Method
2 demonstrates accurate identification of actual parameter val-
ues across various mismatch scenarios, effectively suppressing
steady-state current errors and harmonic components. The stator
inductance estimation error of method 4 is relatively large, which
demonstrates the necessity of using RLS instead of the reduced-
order observer for stator inductance identification. Compared
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Fig. 18.  Parameter identification results at 600 r/min and 3-6-4 N-m. (a) and
(b) Stator inductance and rotor flux linkage under 0.7-fold 1)y mismatch. (c) and
(d) Stator inductance and rotor flux linkage under 1.5-fold v mismatch.
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(a) and (c) Method 1 under 1.5-fold vy mismatch. (b) and (d) Method 2 under
1.5-fold 1)y mismatch.

with method 3, method 2 exhibits better stability during torque
step changes.

During step changes in motor speed, the current control
performance of methods 1 and 2 under 1.5-fold rotor flux linkage
mismatch are illustrated in Fig. 19. The motor speed undergoes a
step change from 400 to 800 r/min while maintaining a constant
torque of 5 N-m. The results demonstrate that rotor flux linkage
mismatch induces varying degrees of steady-state current errors
at different motor speeds, which are effectively eliminated by
method 2.

Fig. 20 displays the parameter identification results of meth-
ods 2, 3, and 4. Compared with method 3, method 2 demon-
strates better stability in stator inductance identification under
speed step conditions. Although both method 2 and method 3
exhibit jumps in rotor flux linkage estimation during speed steps,
method 2’s advantage lies in its faster re-convergence of the rotor
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(a) Stator inductance. (b) Rotor flux linkage.

TABLE II
PROGRAM EXECUTION TIME COMPARISON

Method Execution time
1: Conventional DPCC 5.86us
2: DPCC with proposed method 12.44ps
3: DPCC with KF 18.28us
4: DPCC with only reduced-order observer 10.10us

flux estimation. The rotor flux identification results of method
4 are comparable to those of method 2, but its stator inductance
identification performance is significantly inferior.

To investigate the current control performance of methods 1
and 2 under abrupt parameter mismatch, step changes in stator
inductance and rotor flux linkage are introduced at different time
instants, with experiment results presented in Fig. 21. The motor
operates at 600 r/min with a constant torque of 5 N-m. Fig. 22
presents the parameter identification results of methods 2, 3, and
4. As evidenced by the results, method 2 maintains essentially
unaffected d-g-axis currents during abrupt parameter mismatch
through rapid parameter identification.

The execution times of methods 1—4 are presented in Table II.
Compared with method 1, method 2 requires additional compu-
tational time due to its parameter identification method. How-
ever, this compromise is justified by its significantly improved
current control performance under parameter mismatch condi-
tions. When benchmarked against method 3, method 2 demon-
strates superior computational efficiency with shorter execution
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time, highlighting its advantage in algorithmic complexity. Rel-
ative to method 4, method 2 achieves remarkable improvements
in both identification speed and accuracy while introducing
only marginal additional computational overhead. In conclusion,
method 2 effectively enhances the control system’s robustness
against parameter mismatches while fully satisfying real-time
operation requirements.

VI. CONCLUSION

In this article, to enhance the parameter robustness of DPCC in
SPMSM applications, an online parameter identification method
is proposed. The conclusions are summarized as follows.

1) Parameter sensitivity analysis and experiment results re-
veal that for conventional DPCC, stator inductance mis-
match induces increased current disturbances; rotor flux
linkage mismatch causes steady-state tracking errors; sta-
tor resistance mismatch generates comparatively negligi-
ble errors, avoiding rank-deficiency problems.

2) RLS and a reduced-order observer are respectively em-
ployed for identifying stator inductance and rotor flux
linkage. The inductance identification formula, derived
from the d-axis voltage equation, remains immune to
flux linkage mismatch interference. Stability analysis and
speed-adaptive gain adjustment of the reduced-order ob-
server balances convergence speed and robustness regard-
less of operating conditions.

3) Simulation and experiment results demonstrate that the
proposed method achieves rapid and accurate motor pa-
rameter identification across various operating condi-
tions, significantly enhancing both steady-state and dy-
namic performance of DPCC under parameter mismatch
scenarios.
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