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Modified Robust Predictive Current Control Design
of Windings-Discontinuous-Segmented PMLSM
Based on an Improved Analysis Method

Anpeng Wang “, Liyi Li

Abstract—A permanent magnet linear synchronous motor
(PMLSM) with discontinuous-segmented windings, driven by a
distributed control system, is subject to high current sampling noise
and strong back-back electromotive force disturbances. Therefore,
an improved robust predictive current control (RPCC) algorithm
is proposed to simultaneously achieve better disturbance rejection
and noise suppression performance while maintaining a suitable
stability margin. First, an improved analysis method is proposed
based on frequency response of a fully equivalent unity-negative
feedback multi-input-multi-output (MIMO) system for compre-
hensive performance and stability metrics of the current closed
loop. Contrary to general knowledge, for robust deadbeat predic-
tive current control (DPCC) that combines linear extended state
observer (LESO), the equivalent integrator in LESO does not
reduce the deadbeat tracking characteristics of DPCC for current
commands. However, as the bandwidth of LESO decreases, the
excess stability margin limits the disturbance rejection and noise
suppression performance of the current closed-loop system. There-
fore, an improved RPCC algorithm is proposed to overcome this
challenge by adding a damping term and a gain adjustment factor
to the feedback controller. The correctness of the analysis method
and the effectiveness of the improved control method are verified
through sweep frequency experiments and time domain response
experiments in a PMLSM prototype.

Index Terms—Disturbance rejection, noise suppression, per-
manent magnet linear synchronous motor (PMLSM), robust
deadbeat predictive current control (DPCC).

NOMENCLATURE
u, 1 Vectors of stator voltages and currents in the dg-
frame, where u = [ugq, uq]T, 1 = [ia, iq]T
¥%, ¢, Vectors of permanent magnet fluxes interlinked with
a single primary winding s Ement in the o3- and dg-
frame, where 9} = [¢¢, wf,wf]
p Differential factor.
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Stator resistance and polar distance.

Electrical angular speed and angle, where 6, =
@, where x,, is the mover position.
Hat"designates estimated values.

Superscript ’ designates nominal parameters used in
the controller.

Maximum singular value of a matrix.

e; Error between ¢ and i in an observer, e; =
[6;':1) e?]T =1—1.
10 0 -1
1.J Ifol,Jf1 O}
P,C,D 6,€P,C, D means the primary is partly coupled,

completely coupled, and decoupled with the sec-
ondary, respectively.

I. INTRODUCTION

HE moving-magnet permanent magnet linear synchronous

motor (PMLSM) is essential to high-end material transmis-
sion systems [1]. It offers more freedom of motion to the mover
than moving coil motors, as it eliminates the constraints of cables
[2]. A segmented winding power supply is a typical driving
strategy for long-distance transportation applications [3]. Two
types of winding segmentation methods exist: continuous iron
core segmentation [4] and discontinuous iron core segmentation
[5]. The latter has advantages in terms of cost, flexibility, and
diversity of application scenarios.

This article uses a distributed drive control system [6] to ma-
nipulate a windings-discontinuous-segmented PMLSM (WDS-
PMLSM). The features of this motor and its drive system will be
discussed in Section II. The critical challenges in controlling this
system are high current sampling noise, long numerical control
delay, and strong back electromotive force (EMF) disturbance,
primarily affecting the current control. These challenges will be
tackled in this study.

Deadbeat predictive current control (DPCC) is a widely used
approach in permanent magnetic motor due to its effectiveness
in compensating for numerical control delays, ease of imple-
mentation, and fast response [7], [8]. However, it cannot inher-
ently suppress model uncertainties and disturbances. Therefore,
researchers have proposed robust DPCC algorithms based on
parameter identification [9], [10], disturbance observation, or
both [11]. The application conditions for the former are relatively
stringent because accurate parameter identification requires the
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absence of other unmodeled disturbances. Most researchers have
focused on the latter robust DPCC, and several observers have
been proposed, including disturbance observers [12], extended
state observers (ESO) [13], [14], resonant state observers [15],
and sliding mode observers [16].

Ignoring the closed-loop dynamics of disturbance estima-
tion, Wang et al. [14] studied the stability of ESO-based ro-
bust DPCC through pole migration of the closed-loop system
characteristic equation but neglects noise suppression perfor-
mance. Many publications investigate the balance of noise and
disturbance suppression performance for observer-based robust
control system. An explicit analytical solution for gain based on
receding-horizon optimization is proposed in [17] to finely tune
disturbance estimation and noise suppression for the nonlinear
reduced-order disturbance observer. The weight coefficients in
the optimization method need to be further tuned. Adding filters
can further enhance the noise suppression performance of the
disturbance estimation system. Apart from directly adding fil-
ters to the output measurement, a high-gain observer scheme
embeds the filter inside the observer [18], but the system’s
stability is compromised [19]. Another technique equivalent
to adding filters to enhance noise immunity is the redesign
of the ESO based on augmented states. In [19], two types of
third-order linear augmented ESOs are proposed to enhance
the overall performance of the PMSM speed regulation sys-
tem. Furthermore, a third-order nonlinear augmented nonlinear
extended state observer (ESO) is proposed in [20] to enhance
the robustness of the PMSM speed closed-loop system in the
presence of inertia mismatch. Most studies above focus on speed
or motion control systems and the balance between noise and
disturbance suppression performance is investigated without
giving enough consideration to the constraint of the closed-loop
system’s stability margin.

In other words, further research is necessary to thoroughly
examine the stability margin, noise suppression performance,
and disturbance rejection performance of the entire robust DPCC
closed-loop system. This article improves the analysis method
to facilitates the quantitative research for comprehensive perfor-
mance of robust predictive current tracking system. Moreover,
a modified structure of the robust predictive current controller
is proposed to achieve better disturbance and noise suppression
performance simultaneously while maintaining appropriate sta-
bility margins. This is a vital current control property that is
crucially needed for WDS-PMLSM. The main contributions of
the article are as follows:

1) The analysis method for robust DPCC is improved by
further analyzing frequency response of the fully equiv-
alent unity negative feedback multi-input-multi-output
(MIMO) system. Sweep frequency experiments are con-
ducted to verify this systematic analysis method.

2) Itisrevealed that excellent tracking performance of robust
DPCC comes with the tradeoff of limiting the synchronous
optimization of disturbance rejection and noise suppres-
sion performance.

3) From the perspective of multiperformance metric opti-
mization, an improved robust predictive current control
(RPCC) algorithm is proposed by adding a damping term

and a gain adjustment factor to the feedback controller.
Compared with three existing noise-immunity-enhanced
robust DPCCs, the proposed modified structure shows
optimal comprehensive performance in terms of stability
margin, disturbance suppression, and noise immunity.
The rest of this article is organized as follows. Section II
introduces the structure and characteristics of the motor and
distributed drive system and then derives the mathematical
model of the electrical subsystem. Section III improves the
discrete MIMO frequency response analysis method based on
the completely equivalent unity negative feedback system and
points out the performance limitations of traditional robust
DPCC. Section IV proposes and analyzes the improved robust
DPCC, and compare this scheme with three existing methods
comprehensively. Section V verifies the analysis method’s cor-
rectness and the improved controller’s effectiveness through fre-
quency sweep and time-domain response experiments. Finally,
Section VI concludes this article.

II. MOTOR, DRIVE SYSTEM, AND MODEL

The diagram in Fig. 1 illustrates the structure of WDS-
PMLSM, which consists of three types of coupling between
the primary and the secondary: complete coupling (6. € C),
partial coupling (6. € P), and complete decoupling (f. € D).
The coupled permanent magnet flux exhibits significant time-
varying and nonlinear characteristics for a single-segment wind-
ing, leading to nonlinear back-EMF disturbances that place
higher demands on the current loop’s immunity performance,
as depicted in Fig. 2.

The distributed drive and control system’s structure is also
presented in Fig. 1. Each segmented primary is equipped with a
drive unit composed of a 3-phase 3-bridge-arm voltage-source
inverter (VSI) and a controller. To reduce the cost of the drive
unit, the control circuit’s ground is connected to the cathode
of the drive circuit’s dc bus. As a result, expensive isolation
chips are no longer needed. The dedicated analog-to-digital
conversion (ADC) chip is also discarded, and the on-chip ADC
peripheral of the microcontroller unit (MCU) is used instead.
However, due to these changes, it should be noted that the current
sampling noise of the drive unit may be a little high, as shown
in Fig. 3.

The drive units communicate through point-to-point serial
communication [6]. This facilitates a smooth transition of the
secondary s; from the primary segment p,, to p,,; Specifically, a
little complicated bottom calculation scheme, as shown in Fig. 4,
is designed to synchronize the current of adjacent primaries so
that a desired electromagnetic thrust is produced for 6. € P.
However, the system’s calculation architecture hinders the im-
plementation of computation delay reduction techniques [21],
[22], and a one-beat delay in the duty cycle update is inevitable.

The dg-axis current dynamics of a PMLSM can be expressed
as follows, accounting for the asymmetric characteristics of its
three-phase inductance and no-load flux [23]:

pi=Ai+ B(u—d+e€)
dq _ dq 7 (])
{p1,bf = —weJYy +d
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Fig. 1.

Schematic diagram of the quadrupole three-slot WDS-PMLSM’s structure and the distributed drive control system. The segmented primary, identified

by a serial number 7, is partly coupled with the secondary when 0. € ((2(n — 1)k — g)ﬂ', 2(n—-1)k+ %)w) U ((2nk — %)ﬂ', (2nk + %)ﬂ') € P. On the
other hand, when 0 € ((2(n — 1)k + %), (2nk — 4)m) € C, the primary winding is fully coupled with the secondary. In the remaining interval, the primary
winding is fully decoupled from the secondary, i.e., §. € D. The parameter k is determined by the secondary length [3. Furthermore, /1 represents the length of
the segmented primary, while lo represents the distance between adjacent primary winding segments. It is worth noting that I3 = [1 4 lo = 2k7 ensures that the

electrical phases of all segmented primaries remain the same.
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Fig.2.  Finite element simulation waveforms of no-load fluxes and back EMFs.
The secondary is set as a rated speed of 1 m/s in the forward direction.

where A = —L;'(R.JI +pL, +w.JL,); B=L.'; d=
[egic, e‘}]T is no-load EMFs; € is the residual unmodeled dis-
turbances. L, includes dg-axis self-inductance and mutual-
inductance with secondary spatial harmonic due to the spe-
cial asymmetric characteristics of PMLSM [24], i.e., L, =

Lq(0.) Lag(0. R d
|:Lq(i]((oe)) LC:]((%))} - As in Fig. 2, pyp! # 0 when w, # 0.
However, accurate models for inductance and flux linkage
are difficult to obtain. Based on the concept of ADRC [25],
a dynamic model for current using constant parameters and
lumped disturbance can be expressed as follows:
pi=Ai+Bu—d-f) (2)

where A = —(R;/Ls)I —w.J, B=(1/Ls)I, d=][0,
1/J?we]T is virtual no-load EMFs. The deviation between d and
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Fig. 3. Phase current sampling results at zero point. (a) Sampling waveform

in time domain. (b) Probability density function (PDF).
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Fig. 4. Bottom real-time calculation scheme of WDS-PMLSM during the
transition state (0. € P) of vehicles.

d is incorporated into the lumped disturbance f. L, is the mean
value of dg-axis self-inductance for 6, € C, and constant w; is
the mean value of w? for 6, € C, shown in the last subgraph of
Fig. 2. In the FOC strategy in this article, the angle of d-axis
(i.e., 0) is not the angle of 1) which is not linearly independent
with the position of the secondary. An appropriate bias of 6.
ensures that the mean value of 1/1? for 0, € C is zero, as shown as
Fig. 2. The relationship between actual and constant parameters
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TABLE I
PARAMETERS OF WDS-PMLSM

Symbol Parameter Nominal Values
Lo Electrical Inductance 3.7 mH

Rs Electrical Resistance  0.652

[ PM Flux 0.0225 Wb
T Pole Pitch 0.012m

Un Nominal Velocity 1m/s

Fu Nominal Thrust 40N

Va Nominal Voltage 12 Vpp

Iy Nominal Current 5A

M Mover Mass 2kg

Ve DC Link Voltage 48V

Ts Control period 0.1ms

Controller

Fig. 5. (a) Structure of the traditional robust DPCC. (b) The equivalent unity-
feedback system used in [14].

can be expressed as X = X + AX, where X can be A, B,
and d. Consequently, the lumped disturbance f can be shown
as —B'[AAi + AB(u —d — Ad +€)] + Ad — €.

The inverter carrier ratio is 0.0042 at rated speed according
to parameters in Table 1. Therefore, using the first-order Euler
method, we can discretize the current dynamics accurately.
Accounting for the one-beat delay in the duty cycle update shown
in Fig. 4, the current dynamics in the discrete-time domain can
be expressed as follows:

i(k+1)=(I+AT,)i(k)+BT,[u(k—1)—d(k)— £(k)]. (3)

III. TRADITIONAL ROBUST DPCC AND ANALYSIS

The structure of the traditional robust DPCC controller is
shown in Fig. 5(a). Based on the deadbeat principle, the volt-
age control law shown in (4) uses the ESO-predicted current
i(k + 1) and disturbance f(k + 1)

u(k) = (B'T,)”" [i*(k) (T4 AT ik + 1)]

+dk+1D+ fk+1) 4)

where d(k + 1) = d(k) =

tion of virtual no-load flux. The reasons of approximation for d
in adjacent current control periods are twofolds. First, 1/1;3’ is the
nominal value of constant virtual no-load flux, thus ¢?’ 1s also
constant. Second, the electrical time constant is much smaller
than the mechanical time constant [26].

[0, Y¥we(k )T is the direct estima-

% (k)—*Gfl(Z)FT_—v(GC(Z)Gf(Z) i) u(k—l').._ Gp(z
I (k)

Fig. 6. Completely equivalent unity-feedback system. Compared to Fig. 5(b),
it further considers the close-loop dynamics from u, % to f.

The ESO expands the current ¢ and disturbance f into a new
state X = [4, f]*, whose dynamics can be expressed as

X(k+1)=8,,X(k)+Sus [u(k - 1)-&(@} + He; (k)
®)
-B'T

I+A’Ts s:| , Su’;p _ [B,TS7 O]T’ H —

where S, , = [

’ 0 I
[h1I, hoI|T. The feedback gain can be determined according
to the bandwidth-parameterization method, h; = 2w,.Ts and
hy = —w2 T, L, [15].

A. Traditional Analysis Method

Let #/(2) = Z[i(k 4+ 1)] and w/(z) = Z[u(k — 1)]. Accord-
ing to the block diagram of ESO in Fig. 5(a), the closed-loop
impulse transfer function of 4’(z) is as follows:

i(2) =2 [2I — (I + A'T,) + W] " {Ri(z) + BT,/ (2)}

©

where P

mentioned above into the DPCC feedback loop, the DPCC
current control system can be transformed into an equivalent
unity-feedback system, as shown in Fig. 5(b). In this system, the
equivalent feedback controller G and the equivalent feedfor-
ward controller G}l can be expressed as follows:

Gp(2) = [=1 <I+ATﬂan
G.(2) = (BT,) " (I+AT,) (:I+k) "'~
G;'(z) = 2 "W [ — (I+A'T)+R] (I+AT,) "

(N
It is essential to mention that (7) is a more stringent approach
than (16)—(18) of [14]. This is because matrix multiplication
does not follow the commutative law, and deriving the transfer
function matrix for MIMO systems requires strict adherence to
specific rules [27].

In addition, the equivalent system shown in Fig. 5(b) does
not consider the closed-loop dynamics of the disturbance esti-
mate f. Wang et al. [14] assumed that f(z) = 21 f'(z) where
f'(z) = Z[f(k + 1)), and therefore concludes that the steady-
state error e(00) is zero. However, if this analytical method can
be further improved, some of the more surprising properties of
robust DPCC will be found.

B. Further Consideration for j" dynamics in Analysis

This article analyzes the performance and stability of robust
DPCC based on the closed-loop impulse transfer function of
f" (z) in (8) and the fully equivalent unity-feedback system
shown in Fig. 6, where the equivalent feedback controller G
and the equivalent feedforward controller G]_c1 change from (7)
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Fig. 7. Frequency response of traditional robust DPCC shown in Fig. 5(a)

based on the equivalent system shown in Fig. 6. 7(S) in mid- and low-
frequency bands shows the disturbance suppression performance, the peak
values max,,, oS (ws)] and max,,, o|T'(ws)] represent stability margin, and
& (T) in the high-frequency band means noise suppression performance. In this
paper, the frequency responses is analyzed in theory for the 1 m/s rated speed
operation.

to (9)
fi(z) =

“ho {T - [2I - (I+ AT + W] W} i()

-1

ho [ZI — (I + AT,) + h'} B'T.u/(2)

®)

z—1

Ge(z) = (B'T)) " [« — (I + A'T,) + ]

(:I + 1 + BT, t2)™"!

=[:(I+AT,)+ BT, ho]-

21 — I+A’T)+h’]1h B'T, 7 hs.
€))

Fig. 6 shows that the robust DPCC can be considered a two-
degree-of-freedom control system, which allows it to achieve
both tracking and disturbance rejection performance. The sys-
tem’s complementary sensitivity transfer function 7" and the
sensitivity transfer function S is presented in (10). It is worth
noting that TGJ?1 = I, which means that the robust DPCC
controller, designed based on deadbeat principle and active
disturbance rejection techniques, can theoretically achieve the
desired tracking performance with a delay of two control periods
through the equivalent feedforward controller G;l. Moreover,
the equivalent integrator in ESO does not impact this exceptional
dynamic tracking performance.

i(2) =

G2 'G.G; (I+G,2"'G.Gy)”"

T(z)
+ (I + G 'GGy) ™ (—Gy) f(2).

S(z)

G;li*(z)

(10)

However, theoretically perfect command tracking perfor-
mance limits the other performance of robust DPCC. As il-
lustrated in Fig. 7, the disturbance suppression performance,
stability margin, and high-frequency noise suppression perfor-
mance of robust DPCC are all affected by the unique parameter
Woe- SUppose wy is increased. In that case, the disturbance
suppression performance in the mid-and low-frequency bands

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

ik +1)

Fig. 8. Block diagram of the modified RPCC scheme.

will improve overall, but this will also decrease the stability
margin and high-frequency noise suppression performance.
We expect to appropriately improve the high-frequency noise
suppression performance while reducing the degree of change
in stability margin (max,, &[S (ws)]), and ensuring appropri-
ate disturbance suppression performance. That is, to unbind
the synchronous variation characteristics of stability margin,
high-frequency noise suppression performance, and disturbance
rejection performance. In other words, the excess stability mar-
gin can be converted into a more balanced control performance
(disturbance and noise suppression). To achieve this goal, further
improving the structure of robust DPCC is necessary.

IV. DESIGN AND ANALYSIS OF MODIFIED RPCC
A. Structure and Performance Analysis

The structure of further improved RPCC is shown in Fig. 8.
A damping term Rg,I/(1 — 271) and a gain adjustment factor
a are added to the feedback regulator. Based on the analysis
method proposed in Section III, the structure shown in Fig. 8 can
be transformed into a fully equivalent unity negative feedback
system shown in Fig. 6. The equivalent feedback regulator
G, and feedforward controller G;l are given by (11) and
(12), respectively. Here, G| is computed using the expression

a[(B'Ty) ™' + Raad /(1 — 271)].
Gy(z) = {z (I+A'T,)+G,;}! & 1h2]
-
21— (L + AT) + K] B = G —=hy
-
(11)
G.(2) = (B'T,) " [«1 — (I + A'T,) + k]
£ Uiy e LT [
= B'T,. (12
{(B/TSGZT _ I) (I+AITS) Gl’l‘ S ( )

Moreover, Fig. 9 shows the frequency responses of sensitivity
and complementary sensitivity of the proposed RPCC close-loop
system according to (10)—(12). In the first subgraph of Fig. 9,
the red solid line intersects with the blue dashed line in the low-
and mid-frequency range, while in the high-frequency range of
the second subgraph of Fig. 9, it intersects with the green dotted
line. This indicates that the improved RPCC has disturbance
suppression performance comparable to that of the conventional
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Fig. 9. Comparison between the proposed modified RPCC shown in Fig. 8
and traditional robust DPCC shown in Fig. 5(a) by frequency response.
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Fig. 10. Frequency responses of modified RPCC shown in Fig. 8 with
woe = 3000 rad/s, R4, = R and different control parameter cv.

RPCC with wy = 3k rad/s, and high-frequency noise suppres-
sion performance comparable to that of the conventional RPCC
with w,. = 2k rad/s.

Furthermore, the first subgraph of Fig. 9 shows that the peak
value of the red solid line is the same as that of the blue dotted
line, indicating that the improved RPCC stability margin has not
changed significantly compared to the conventional RPCC with
woe = 3k rad/s. This stability margin has been shown to be an
appropriate choice in [14].

It is important to note that the frequency response shown
in Fig. 9, obtained from theoretical analysis, will be further
verified in subsequent frequency sweep experiments. The anal-
ysis above demonstrates that the improved controller structure
can further balance and adjust the disturbance rejection and
high-frequency noise suppression performance while keeping
the stability margin unchanged. This is a critical feature required
by the WDS-PMLSM drive system, which experiences high
current sampling noise and strong back EMF disturbance.

Fig. 10 shows the impact of the additional degrees of free-
dom a. As o changes from 0.6 to 1.0, Mg = max,, 5[S(w;)]
remains unchanged, indicating that the sensitivity of the stability
margin to « is low. As « increases, the closed-loop system
bandwidth wp (7S (wp)] = 0.707) increases, while the high-
frequency &[T (w,)] in Fig. 10 also increase, indicating that
the choice of performance only occurs between disturbance and
noise suppression.

Itis worth noting that the conventional RPCC can also balance
disturbance and noise suppression performance by adjusting the

)

o = 3k[rad /s]

7
27

S

=

o

T
£
(¢}
i3
]

Sa1d Soem, : i
“29%0njc,

.

et

o
T

9
1

0y,

: o, \‘

NN iy
(RN v

ey 0

0ise suppressi

'

e

w
T

a=,

log {7 [T'(w)]} d log(

5| “disturbance suppression performance
-0.35 giong Stronge—7 1 I i weak |
< -18  -18  -L75 -7  -165  -1.6  -155  -15 145
-
- J? 10g {7 [S(w,)]} dlog(52
Fig. 11. Quantitative analysis of noise and disturbance suppression perfor-

mance for the conventional RPCC (star-marker line) and the proposed modified
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Fig. 12.  Effect of different R, of the modified RPCC’s damping term on the
current close loop system. (a) Rgy = 0. (b) Rga = 10R..

unique parameter wy. as shown in Fig. 7. However, the com-
prehensive performance is weaker than the proposed modified
RPCC, as shown in Fig. 11. The improved RPCC can adjust
the two performances to a better region by keeping the stability
margin unchanged.

In addition, reducing « will sacrifice the perfect command
tracking performance of the conventional RPCC, as shown in
the last subgraph of Fig. 10, which is necessary to enhance
the antiinterference and antinoise performance simultaneously;
however, when o > 0.5, the bandwidth of instruction tracking is
greater than 1.2 kHz. Subsequent experiments have shown that
this metric meets the dynamic performance requirements of the
PMLSM outer loop controller for the current controller.

B. Further Discussion

1) The Effect of Ry,: Based on the frequency response anal-
ysis method proposed in Section III, the impact of different
choices of R4, on the current closed-loop system is shown in
Fig. 12. In Fig. 12(a), Ry, is set to zero. At low frequencies, the
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Fig. 13.

Block diagrams of existing RPCCs for enhancing noise suppression
LESO; (b) The LPF-based RPCC2 which is the variant of the high gain observer proposed in [18]; (c) The augmented-state-based RPCC (ASRPCC) which is
derived from ADRC method for speed regulation system in [19] and [20].

based on low-pass filter (LPF). (a) The LPF-based RPCC1 with LPF outside of
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Fig. 14. Comparison between the existing RPCCs shown in Fig. 13 and the conventional RPCC shown in Fig. 5(a) by frequency response. (a) LPF-based RPCCI.

(b) LPF-based RPCC2. (c) ASRPCC.

&[S (ws)] of the improved RPCC lies between the two traditional
RPCCs with different bandwidth parameters, indicating that
the disturbance rejection performance of the improved RPCC
with R4, = 0 is weaker than that of the traditional RPCC with
Woe = 3k rad/s. In Fig. 12(b), R4y, = 10R.,. At mid-to-low fre-
quencies, the 7[S(w;)] of the improved RPCC is smaller than
that of the traditional RPCC with w,. = 3k rad/s. The M,
of the improved RPCC is close to 2, and My > 1.6 (Mp £
max,,, &[T (ws)]). At high frequencies, the &[T (ws)] of the
improved RPCC is generally larger than that of the tradi-
tional RPCC with wy. = 2k rad/s. These frequency response
characteristics indicate that when Ry, = 10R., although the
low-frequency disturbance rejection performance is improved,
the stability margin and noise suppression performance are
weaker than those of the traditional robust DPCC. As shown
in Fig. 9, when Ry, is set to the nominal resistance value
R/, the improved RPCC can achieve an optimal balance of
disturbance and noise suppression performance while maintain-
ing almost unchanged relative stability of the current closed-
loop system. Ry, = R is a design considering that the wind-
ing resistance introduces appropriate damping to the current
dynamics.

2) The Comparison With Existing Methods: Fig. 13 shows
three existing robust DPCC strategies that enhance measure-
ment noise suppression capabilities. G; = %I , the coeffi-
cients are determined by the first order Butterworth discrete-time
LPF algorithm and the cut-off frequency f. ,r. Based on the
systematic analysis method proposed in Section III, the ana-
Iytical expressions of the transfer matrices in Fig. 6 for the
three existing robust DPCCs are derived as (13) and (14), where
(13) corresponds to LPF-based RPCC1, and (14) corresponds

-3
0.4 110 .
o] *
*
0.2 -1 9
g 0.982740.98276
® Q 3
@ 0 g (. o _d
E ;
0.2 % a =10
a=08
Qa=06
-0.4 =
0 0.2 0.4 0.6 0.8 1
real axis

Fig. 15. Distribution of state matrix’s eigenvalues of modified-RPCC-based
close-loop system with wo. = 3k rad/s, Rgy = R/, and different cv.

to LPF-based RPCC2 and ASRPCC. The G.(z) of LPF-based
RPCCl is the same as that in (9). The frequency responses of the
current closed-loop system by these transfer matrices are shown
in Fig. 14.

The added LPF element G in LPF-based RPCC]1 does not
affect the disturbance rejection performance at low-to-mid fre-
quencies. However, under the constraint of the stability margin
limit, its noise suppression performance at high frequencies
is not as good as the proposed improved RPCC. As shown
by the red curve in Fig. 14(a), when the cutoff frequency
fegpr of Gy is set to 4 kHz, the peaks of the sensitivity and
complementary sensitivity (Mg and Mr) of the LPF-based
RPCCI current closed-loop system are comparable to those of
the improved RPCC shown by the red curve in Fig. 9, with
Mg < 2, Mp < 1.4. However, for &[T (wy)], the red curve in
Fig. 14(a) is higher than the green dotted line at high frequencies,
and the red curve in Fig. 9 crosses the green dotted line at
high-frequency band, indicating that under the same stability
margin, the noise suppression performance of the LPF-based
RPCCI current closed-loop system is weaker than that of the
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proposed improved RPCC. As shown by the brown dotted line
in Fig. 14(a), when [ it is reduced to 3 kHz, the noise suppres-
sion performance of the LPF-based RPCC1 current closed-loop
system improves. However, the stability margin significantly
decreases, with Mg > 2, Mp ~ 1.6

z —

Gy(z) = Hz (I+A'T,) + B'T,— 1@} :

1

(oI —(I+AT)+R] " - B’Tszlhz} G (13)
-

Gy(z) = [z (I + A'T,) + BT, 25 h2 G|
(2T — (I+A'T)+HG] "
Gk — B'T, 2 hsGy
G.(2) = (B'Ty) " [21 —(I+A'T,) + WG] -

(:I+WG + BT 22qG) "

Sz—-1

(14)

As shown in Fig. 14(b), LPF-based RPCC2 places G| in-
side the observer, and its frequency response characteristics are
similar to those of LPF-based RPCCI1. Therefore, under the
constraint of the stability margin limit, its noise suppression
performance at high frequencies is also weaker than that of the
proposed improved RPCC.

ASRPCC is equivalent with LPF-based RPCC2, with the
equivalent LPF G (z) = WI . The difference between
the two control strategies is that ASRPCC can synchronously
adjust the cutoff frequency of the equivalent filter G; and the
disturbance estimation dynamics based on the single parameter
Wocs With hg = 3@ee, b1 = 302 Ts, ha = —@03, LT, [19]. The
frequency responses of the closed-loop system for different (.
are shown in Fig. 14(c). When w,. > 5k rad/s, the disturbance
rejection and noise suppression performance of the ASRPCC
current closed-loop system can rival those of the improved
RPCC shown in Fig. 9, but its stability margin is far weaker,
with Mg > 2, M7y > 1.6.

In summary, the proposed improved RPCC current closed-
loop system outperforms the existing three RPCCs regarding
comprehensive performance in stability margin, disturbance re-
jection performance, and noise immunity. Moreover, it is worth
noting that the above theoretical analysis will be verified by
frequency sweep experiment in Section V-D.

3) Stability Analysis: Generally, the gain margin (GM) and
phase margin (PM) of the open-loop transfer function in a
current closed-loop system can reflect its stability. According
to [27], Mg is closely related to the stability margin and can
be introduced to characterize relative stability. For a given
My, the following GM and PM can be ensured: GM > %,

PM > 2 arcsin ﬁ > ﬁ rad. As shown in Fig. 9, the improved

RPCC has M, < 1.8, which ensures that the current closed-loop

system across the entire speed range has GM > 7 dB and PM >
31°. In addition, the stability of the proposed improved RPCC
can be verified through the state matrix of the discrete-time state
space equation. The state matrix A, of the current closed-loop
system based on the improved RPCC is shown in (15) shown at
the bottom of this page, according to Fig. 8, Eqs. (3) and (5).
Furthermore, the eigenvalue distribution under different tuning
factors « is shown in Fig. 15. The eigenvalues of A are all
within the unit circle, and according to Theorem 5. D4 in [28],
the entire current closed-loop system is asymptotically stable.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. System Setup

The entire drive system is shown in Fig. 16, so that the
secondary can move across the region of 6. € P smoothly.
Fig. 17 depicts an experimental platform developed to conduct
a series of experiments to verify the accuracy of the proposed
analysis method and the performance and robustness of the
modified RPCC. The platform comprises an WDS-PMLSM
prototype with two movers and multiple segmented primaries.
The PMLSM has the nominal parameter values elaborated in
Table I. Each primary is equipped with a drive control unit. Each
drive control unit comprises an MCU, an field programmable
gate array (FPGA), and a two-level, three-phase, three-leg VSI
comprising six MOSFETs. The driving platform is powered by a
48 V switching power supply that supplies the dc bus voltage.
The drive control units communicate with each other via the high
speed communication through the serial peripheral interface
(SPI) and have successfully achieved cross-segment operation
of the mover. In order to obtain the position of the mover, a linear
magnetic grating scale with an accuracy of 0.2 pm is utilized.
The MCU is connected to the monitoring application Jscope
[29] via the debugging tool Jlink, facilitating communication
between the platform and the PC.

B. Analysis Method Verification

A set of sweep frequency experiments is conducted to verify
the accuracy of the analysis method based on the fully equivalent
unity negative feedback system, shown in Fig. 6. A chirp signal
is introduced into the d-axis feedback current, starting at 10 Hz
and ending at 3000 Hz, and sustained for 30 s. This allows
us to obtain the frequency response gains of the traditional
robust DPCC sensitivity transfer and complementary sensitivity
functions, as shown in Fig. 18. The frequency response gains
obtained from the sweep frequency experiments are consistent
with the theoretical values calculated based on (9) and (10).

i(k+1) I+AT, —a(BB™'+R4WI,B)(I+AT,) ol,B T,B] [ ik)
ik+1)| | mI  (I+AT)[(1—a) —aReWT.B ]~ oT.B 0 | | i(k) s
wk) |~ 0 ~Rua (I+ A'T,) I o | |uwk-1n | T 1
Flk+1) hoI —hoI 0 I |[fh

Acl,
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frequency sweep experiments and compared with the analysis method proposed
in Section III. The subscript “sf”” denotes the sweeping frequency, while “tf”
means the transfer function deduced in theory. Due to the chirp signal’s short
duration in the high-frequency range and the low signal-to-noise ratio, there is
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Fig. 19.  Frequency response of traditional robust DPCC with wo. = 1k rad/s,

obtained by the sweep frequency experiment, for the command tracking.

To test the command tracking performance of the traditional
robust DPCC, a chirp signal with the same properties was
injected into the d-axis reference current. The value of the
parameter w,. was set to a lower value of 1000 rad/s. The
theoretical bandwidth wp of the current closed-loop system is
approximately 154 Hz, indicating limited disturbance rejection
performance, as shown in Fig. 7. However, the robust DPCC
exhibits strong tracking performance, as indicated by the sweep
frequency results shown in Fig. 19. The AC reference signals
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Fig. 20. Frequency response of modified RPCC, obtained by the sweeping
frequency experiment with wo. = 3000 rad/s. (a) The gains of sensitivity and
complementary sensitivity function. (b) The gain of TG}1 in (10).

around 2 kHz have an amplitude attenuation of 0.707. Remark-
ably, the high-frequency disturbances introduced into the current
loop by the nonlinear dead-zone voltage of the VSI prevent
the sweep frequency results from fully replicating the theoreti-
cally perfect tracking performance. The robust DPCC is unable
to effectively suppress these disturbances under these condi-
tions. The result in Fig. 19 verifies the theoretical conclusion
TG;' =1 in Section I1I-B.

C. Modified RPCC Performance

Repeating the sweep frequency experiments with the con-
troller replaced by the modified RPCC, the experimental results
are shown in Fig. 20. In Fig. 20(a), the bandwidth wg for different
values of a and the noise suppression performance at high
frequencies align well with the theoretical calculations presented
in Fig. 10. However, for the same reasons mentioned in Fig. 19,
the sweep frequency results indicate a slightly lower bandwidth
for command tracking than the theoretical values described in
Fig. 10.

The effect of Ry, is also verified by the same sweep frequency
experiments shown in Fig. 21. The experiment results align with
the theoretical analysis results shown in Fig. 12. Increasing Rg,
gradually increase the disturbance suppression performance at
middle frequency band, but decrease the stability margin and
noise immunity performance in the high frequency band.

Since Ry, = R, is adesign considering that the winding resis-
tance introduces appropriate damping to the current dynamics,
in the following experiments, R4, of the proposed modified
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Fig. 21.  Frequency response of modified RPCC, obtained by the sweeping

frequency experiment with wo. = 3000 rad/s, @ = 0.6 and different Rg,. The
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Fig.22. Response of the modified RPCC with w,. = 3000 rad/s and oo = 0.6
when speed decreases from 1 m/s to zero.

RPCC is set as R.. At the same time, as shown in Fig. 11, when
woe = 3k rad/s, the relatively best region of the gain adjustment
factor ais [0.6,0.8] for noise immunity and disturbance suppres-
sion. As v increases, the noise immunity performance decreases.
However, as shown in Figs. 10 and 20, to ensure the command
tracking bandwidth exceed 1 kHz, o needs to be bigger than 0.6.
Therefore, in the following experiments, « is chosen as 0.6 and
Woe = 3k rad/s for the proposed modified RPCC for the sake of
better noise immunity performance.

The time-domain response experiment for the current loop
occurs at a rated speed of 1 m/s, as shown in Fig. 22. During
the initial 0.1 s, a significant back-EMF harmonic disturbance
exists for a single-segment winding during this period due to
0. € P. The d-axis disturbance amplitude is approximately 2.6
V, and the fundamental harmonic frequency is around 349 rad/s.
Please note that only the time-domain waveforms of the current
and voltage for a single-segment winding are presented due to
space limitations.

The results of the experiment on the performance of two
current prediction control algorithms for disturbance and noise
suppression are presented in Fig. 23. The sum’s square root of
squared error (RSSE) of the d-axis current in the first phase for
the four cases is defined as EZ‘);OJ i2(kTy) andrecorded as 3.54,
1.70, 1.49, and 1.40 in Fig. 23(a) (b), (¢), and (d), respectively.
The RSSE of noise in u; is defined as X%t %% [u (KT) —
wy g (KT )]? where u, a.fir 18 the group-delay-compensated results
of 200-order FIR filter with 500 Hz cut-off frequency. As shown
inFig. 23, the noise RSSEs of v}, are 5.49,11.1,21.0,and 11.1 for
those four cases. The results indicate that the noise suppression

0.5 RSSE=3.54
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Fig. 23.  In the first phase, the secondary operates at a nominal speed of 1 m/s,
and the focus is on suppressing a back-EMF disturbance that occurs when
0. € P. In the second phase, the secondary is decelerated to zero speed with
maximum acceleration, which is another typical operation condition of PMLSM.
The traditional RPCC with wo. = 1k, 2k and 3k rad/s is used in (a), (b), and
(c), respectively. The modified RPCC is used with woe = 3k rad/s, Rga = R
and o = 0.6 in (d).
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Fig. 24. A step current with 0.5 A is injected in i¢q for step response test
in 1 m/s speed operation. Traditional robust DPCCs with w,. = 1000, 2000,
and 3000 rad/s are used in (a), (b), and (c), respectively. Modified RPCC with
woe = 3k tad/s, Rgs = R, and o = 0.6 is employed in (d).

performance of the improved RPCC algorithm is comparable to
that of the robust DPCC with w,. = 2000 rad/s, but with better
disturbance suppression performance. These results align with
the theoretical analysis presented in Figs. 9 and 11.

The experiment results for the current step response at the
rated speed point are presented in Fig. 24. The robust DPCC can
track the reference within two control cycles without overshoot-
ing, regardless of the value of w,. This indicates nearly perfect
reference tracking performance, consistent with the theoretical
analysis in Section III-B and the frequency sweep experimental
results depicted in Fig. 19. That is to say, in the absence of
parameter mismatch, the internal equivalent integrator of the
LESO does not affect the rapid reference tracking of the robust
DPCC.
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Fig. 26. Response of the modified RPCC with wo. = 3k rad/s, Raa = R,
and oo = 0.6 when 16 N load is added to the secondary with 0.1 m/s. The speed
controller adopts a two-degree PI controller in [30], and the desired speed-loop
bandwidth is set as 200 rad/s.

The reference tracking performance of the improved RPCC
is slightly weaker, with a settling time of 57 and no overshoot.
This characteristic is consistent with the theoretical analysis
results in Fig. 10 and the frequency sweep experimental results in
Fig. 20(b). However, as can be seen from the speed fluctuations
in Fig. 24, the deviation between the current reference tracking
bandwidths of 1 and 2 kHz does not significantly impact the
outer loop. Pursuing excellence in a single performance metric
is inappropriate. Under the constraints of fundamental lower
limits, it is more meaningful to seek simultaneous optimization
of multiple performance metrics.

The parameter robustness of the improved RPCC is illustrated
in Fig. 25. It can be observed that at the rated speed operating
point when the control parameter L, varies from 0.5Ls to 1.5,
the current closed-loop system remains stable and exhibits good
steady-state tracking accuracy and noise suppression perfor-
mance. The GM demonstrated in Fig. 25 is consistent with the
theoretical derivation results in Section IV. As shown in Fig. 10,
the improved RPCC has &[S (w;)] < 2.

Finally, a low-speed loading experiment is conducted, and
the results are presented in Fig. 26. Under a sudden increase
and decrease of 16 N load, the maximum speed fluctuation of
the secondary is 5 %, with a recovery time of 12 ms. Under
constant load or no-load conditions, the servo system suppresses
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Fig. 27. Sweep-frequency results of different noise-immunity-enhanced
RPCC compared with the conventional RPCC. (a) LPF-based RPCC1; (b) LPF-
based RPCC2; (c) ASRPCC; (d) Proposed RPCC. Those frequency responses
are processed by a zero-phase filter.

the influence of PMLSM detent force, limiting the speed ripple
to within 2 %. This demonstrates that the driver can achieve
excellent outer loop control performance based on the proposed
improved RPCC current control algorithm.

D. Further Discussion

A set of sweep frequency experiments are conducted to verify
the correctness of the analysis for the three existing noise-
immunity-enhanced RPCCs shown in Fig. 13 in Section IV-B.
The sweep frequency method is the same as in Fig. 18. The
results are shown in Fig. 27. The frequency response of the
current closed-loop system obtained from the sweep frequency
experiments is consistent with the theoretical analysis results
shown in Fig. 14. In Fig. 27(a) and (b), the parameters w,. of
LPF-based RPCC1 and RPCC2 are set to 3000 rad/s so that the
disturbance rejection performance at mid frequencies is the same
as that of the traditional RPCC with w,. = 3000 rad/s. Under the
constraint of stability margin (Mg < 2, My < 1.4), the cutoff
frequency of the filters f. pr > 3 kHz for both noise-immunity-
enhanced RPCCs. Compared with the traditional RPCC, the
filters bring phase lag, increasing M7, which in turn causes
the noise suppression performance at high frequencies from 1
to 3 kHz to be weaker than that of the traditional RPCC with
Woe = 2k rad/s.

In Fig. 27(c), the disturbance rejection performance of AS-
RPCC with w,. = 5k rad/s at mid frequencies is the same as
that of the traditional RPCC with w,. = 3000 rad/s, and its
noise suppression performance at frequencies ws > 2 kHz is
stronger than that of the traditional RPCC and the proposed
RPCC shown by the navy waveform in Fig. 27(d). However,
consistent with the theoretical analysis results shown in Fig. 14,
the stability margin of ASRPCC significantly decreases, with
Mg =~ 2 and M ~ 1.6, and its noise suppression performance
in the frequency range of 200 Hz—1 kHz is significantly weaker
than that of other RPCCs.
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Fig. 28. d-axis current response and voltage command of different existing
noise-immunity-enhanced RPCC for 6, € P at 1 m/s. (a) LPF-based RPCCl1
with woe = 3k rad/s, fepr = 3k Hz; (b) LPF-based RPCC2 with wo. = 3k
rad/s, fe 1pt = 3k Hz; (c) ASRPCC with o = 5k rad/s.

Finally, the frequency response shown in Fig. 27(d) again
demonstrates the optimal comprehensive performance of the
proposed improved RPCC regarding stability margin, distur-
bance rejection, and noise immunity.

The conclusions obtained from the sweep frequency exper-
iments are further validated in the time-domain response ex-
periments shown in Fig. 28. The current tracking accuracy of
the three existing noise-immunity-enhanced RPCCs during the
0. € P phase is comparable to that of the improved RPCC
shown in Fig. 23(d) and the traditional RPCC with w,. = 3000
rad/s shown in Fig. 23(c). However, their noise suppression
performance is inferior to the proposed RPCC.

VI. CONCLUSION

This article proposes an improved RPCC for WDS-PMLSM.
The improved algorithm ensures larger 1 kHz bandwidth for
command tracking and simultaneously enhances noise suppres-
sion and disturbance rejection performance while maintaining
appropriate stability margins (7[S(w;s)] < 2). When 6, € P,
under the same noise suppression performance, the RSSE of
current tracking for the improved algorithm is 1.4, while for
the traditional robust DPCC, it is 1.7. Compared with three ex-
isting noise-immunity-enhanced RPCCs, the proposed scheme
shows optimal comprehensive performance in terms of stability
margin, disturbance suppression, and noise immunity. These
performances are investigated by an improved analysis method
for closed-loop MIMO systems.
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