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Synchronous reluctance
motor speed control based on
multivariable Super-Twisting

Yinhang Ning™, Zhihao Huang, Hengxuan Hou, Renjie Li, Wang Sun & Jiahao He

In order to address issues such as high chattering and insufficient anti-disturbance performance in
Synchronous Reluctance Motor (SynRM) speed control systems, this paper proposes an Adaptive Multi-
variable Super-Twisting Sliding Mode (AM-STSM) control strategy. First, based on the mathematical
model in d-q coordinates, the torque generation principle of SynRM is analyzed. Based on this, an
AM-STSM speed controller is designed by introducing time-varying gain terms, achieving rapid
convergence when far from the sliding surface and effective suppression of chatter when approaching
it. Furthermore, an adaptive Luenberger observer (ALDO) is constructed to observe and compensate
for lumped disturbances, significantly enhancing system robustness. In “torque realization” mode, a
“Maximum Torque Per Amperage control strategy” is adopted to improve stator current utilization.
Simulation and experimental results demonstrate that compared to traditional STSM control
methods, the proposed ALDO-AM-STSM approach achieves faster convergence during no-load startup
(21.21% reduction). Under sudden load and unload conditions, the speed drop ( decreased by 82.67%),
speed overshoot ( decreased by 88.95%), and adjustment time (sudden load: decreased by 47.97%;
sudden unload: decreased by 50.36%) are all significantly decreased. Meanwhile, torque and speed
fluctuations during steady-state operation are minimized. This control strategy effectively enhances
the dynamic performance and anti-disturbance capability of the SynRM speed control system.

Keywords Synchronous reluctance motor, Multivariable Super-Twisting sliding mode control, Disturbance
observer, Adaptive term

Synchronous Reluctance Motors (SynRM) are a type of motor that operates using reluctance torque, representing
one of the current research hotspots'. The rotors of these motors are all iron cores, lacking permanent magnets
or excitation windings, offering distinct advantages particularly under high-speed operation, high-temperature,
and humid conditions. Additionally, this motor features simple manufacturing processes, low cost, and minimal
rotor losses*>. In applications such as electric vehicles and traction machines, SynRM has emerged as a strong
competitor to high-efficiency Induction Motors (IM) or partially Permanent Magnet Synchronous Motors
(PMSM)*C. In recent years, structural optimizations have significantly improved the electrical performance
of SynRM motors, including power factor, efficiency, and torque quality’. However, the inherent complexity of
these motors, coupled with nonlinear and uncertain parameters and external disturbances, makes their effective
control highly challenging®.

Linear Proportional-Integral (PI) control, due to its simple structure and ease of implementation, is widely
used in speed regulation systems. However, when confronted with time-varying system parameters and
external disturbances, PI control struggles to meet high-performance control requirements’. Consequently,
nonlinear control algorithms have emerged. In recent years, driven by rapid advancements in microprocessor
chip computing power, nonlinear control algorithms such as Active Disturbance Rejection Control', Feedback
Linearization'!, Model Predictive Control'?, and Sliding Mode Control'® have been applied to SynRM speed
control. Today, Sliding Mode Control (SMC) stands out among numerous nonlinear control strategies due to its
characteristics of low sensitivity to parameter variations, strong anti-disturbance capability, and high tracking
accuracy'®. Among numerous nonlinear control strategies, SMC stands out and is widely applied in AC motor
control.

Traditional first-order SMC suffers from significant chattering issues due to its use of discontinuous
switching functions'®. To address this chattering problem, higher-order sliding mode algorithms emerged,
among which Super-Twisting Sliding Mode (STSM) gained significant attention. It was shown in'® that
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among four second-order sliding mode algorithms, Twisting and STSM demonstrated outstanding dynamic
performance improvements. Furthermore, STSM control exhibited superior convergence speed and response
speed compared to Twisting. In'”, STSM was applied to the control of doubly-fed induction generators to reduce
instantaneous power error. However, the convergence speed of traditional STSM strategies remains suboptimal.
To further enhance convergence speed and robustness, Ref.!® incorporates a linear term into STSM, proposing
a multivariable STSM control strategy. This approach effectively improves convergence speed and robustness.
Yet, due to the difficulty in determining disturbance upper bounds, larger sliding mode control gains must be
designed to ensure control performance, which exacerbates chattering phenomena. To improve the response
speed and stability of systems using multivariable STSM under different operating conditions, Ref.’® replaced the
sign function with a sigmoid function. However, the use of the sigmoid function slows down the convergence
speed to some extent.

To relieve the chattering problem in sliding mode control, another effective approach is to employ disturbance
observers?. Integrating disturbance observers as feedforward compensation terms in SMC can effectively
anticipate and counteract disturbances, thereby enhancing the anti-disturbance capability of the control system?!.
Reference?? designed quasi-sliding mode observers and nonlinear disturbance observers for load disturbance
estimation, noting the superior estimation speed of the quasi-sliding mode observer. Reference?* combined a
novel disturbance observer with STSM technology to reduce sliding-mode control gains, thereby enhancing
the control system’s disturbance rejection capability. However, the designed observer employed constant gains,
making it difficult to achieve a balance between dynamic response and steady-state error. Reference?! employs
a sliding mode disturbance observer with feedforward compensation for multivariable STSM. By incorporating
an adaptive term into the multivariable STSM, it further reduces the chattering issues caused by excessively
large gain values in the design. Reference?® similarly combines a multivariable STSM with adaptive terms and
a disturbance observer for PMSM speed control. Nevertheless, the observers in both** and #° feature numerous
adjustable parameters, increasing parameter tuning complexity and controller development time.

It should be noted that the above literature primarily discusses the application of SMC strategies and
disturbance observers in PMSM control. Compared to PMSM control, control research for SynRM is still in its
infancy. Regarding SynRM, Ref.?® experimentally analyzed for the first time the performance of STSM applied
to SynRM speed control. Compared to traditional SMC, STSM exhibits superior response performance and
reduced chattering under parameter variations and external disturbances. To enhance system robustness and
control accuracy, Ref.?” fully replaces the PI controller with a third-order sliding mode strategy for both speed
and dq-axis current control. However, neither Ref.2° nor Ref.?” addresses disturbance compensation. Reference
employs a generalized STSM algorithm to construct a speed controller and disturbance observer for SynRM speed
control. Simulation results demonstrate that this strategy effectively improves the system’s disturbance rejection
capability. Reference?® similarly employs a disturbance observer-based feedforward compensation SMC strategy,
combining an extended state observer with high-order sliding mode control incorporating adaptive gains.
This approach effectively reduces chattering issues and accelerates convergence. However, neither the strategy
proposed in?® nor that in 2 has been validated for practical engineering applications. Reference®® experimentally
investigates the application of adaptive nonsingular terminal sliding mode control and nonlinear disturbance
observers in SynRM speed control. Results demonstrate that this strategy effectively enhances system dynamic
performance and robustness. However, this control strategy involves numerous adjustable parameters and is
relatively complex, placing high demands on both the system’s software and hardware.

This paper investigates a dual-loop vector control system (currentloop and speed loop) for SynRM. The current
loop employs PI control and implements current sharing based on the Maximum Torque Per Ampere (MTPA)
control strategy to enhance stator current utilization. The speed loop innovatively adopts a combined approach
of a sliding mode control algorithm (STSM) and feedforward compensation. The STSM unit incorporates an
adaptive term, forming an adaptive multi-variable STSM (AM-STSM), while the feedforward compensation
unit employs an adaptive Luenberger disturbance observer (ALDO) to enhance the system’s disturbance
rejection capability. Combining ALDO with AM-STSM yields the ALDO-AM-STSM control strategy. Finally,
the performance of this speed control system is analyzed through both simulation and experimental methods,
validating the feasibility of the proposed approach. The main contributions of this paper can be summarized in
the following three aspects:

1) A AM-STSM control scheme has been designed, which automatically adjusts sliding mode gain values based
on error states. This effectively accelerates settling time while reducing oscillations near the sliding surface.
Stability analysis was performed using Lyapunov functions.This approach effectively accelerates the adjust-
ment time while reducing chattering near the sliding surface. Stability analysis was performed using the
Lyapunov function.

2) A ALDO was constructed to implement feedforward compensation for the speed controller. The observer
gain matrix, incorporating an adaptive term, accelerates convergence speed and reduces observation fluctu-
ations, thereby enhancing the system’s anti-disturbance capability.

3) Using a combined simulation and experimental approach, the characteristics of a speed control system for
SynRM based on ALDO-AM-STSM were investigated, with comparative analysis conducted against STSM
and AM-STSM.

The structure of this paper is as follows: Sect. SynRM speed controller design first establishes the mathematical
model of SynRM, details the design process of the AM-STSM controller and ALDO, constructs a Lyapunov
function to analyze the stability conditions of the controller, and concludes with a discussion of the MTPA
current control algorithm. Section Simulation verification and analysis simulates and compares the performance
of STSM, AM-STSM, and the proposed ALDO-AM-STSM controllers. Section Experimental validation and
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(a) SynRM rotor (b) Rotor model

Fig. 1. Internal structure of SynRM. (a) SynRM rotor, (b) Rotor model.
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Fig. 2. SynRM A-B-C Coordinate System Equivalent Model.

analysis presents experimental investigations of the proposed control scheme. Section Conclusions gives the
conclusions.

SynRM speed controller design

SynRM and its mathematical model

The rotor of SynRM is shown in Fig. 1. It can be seen that the rotor is composed only of an iron core and an air
magnetic barrier. The quadrant axis (i.e., the g-axis direction) of this motor primarily comprises the air magnetic
gap, which has low magnetic permeability. The direct axis (i.e., the d-axis direction) primarily consists of the
iron core material, which has high magnetic permeability. This unique rotor magnetic circuit structure results
in unequal d-axis and g-axis inductance parameters L, and L , where L, > L, According to the motor’s torque
generation principle, when Lq # L, reluctance torque can be formed.

The stator windings of the SynRM are identical to those of conventional AC motors. The three-phase
windings A-B-C can be equivalently represented as shown in Fig. 2. The electrical angle 6, is the angle between
the d-axis and the axis of phase A, and w, is the electrical angular velocity. The voltage equatlon obtained in the
three-phase coordinate system based on Flg 2 is given by Eq. (1) 31 In the equation, where Uype iapo Ro Mype
and L Apc fepresent the voltage, current, resistance, mutual inductance, and self-inductance of the A-B- C three-
phase stator winding, respectively.

d
uaBc = Rsiapc + — 7 (MaBc + Lapc)iase (1)

In the analysis of vector control systems for SynRM, the d-q axis rotating coordinate system model is widely
adopted. After applying Clark and Park transformations to Eq. (1), the d-q coordinate system mathematical
model for SynRM is obtained, as shown in Eq. (2) *. Since SynRM lacks a rotor magnetic field excitation
source, the voltage equation contains no rotor magnetic flux term. This represents a significant distinction from
conventional synchronous motors.
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In Eq. (2), u, and u_ represent the stator voltage components in the d-q axes, i, and i_ denote the stator current
components in the d-q axes, R is the stator resistance, and w, is the electrical angular velocity.
The electromagnetic torque T, and motion equations of SynRM, as shown in Eq. (3) **.
dw'm Te TL B
—ze_L_Z..

. —J J J
3 .. 3
T, = Qp" (Ld — Lq) iqiq

In the equation, w,, is the mechanical angular velocity, TL is the load torque, B is the friction coefficient, J is the
moment of inertia, and p, is the number of pole pairs.

Improved STSM speed controller design

The control system studied in this paper comprises a speed loop and a current loop. The speed control loop
employs an improved SMC algorithm, while the current control loop utilizes an MTPA control algorithm. To
discuss the speed loop design, first define the sliding surface s = e, = wm — wy,, where w, " represents the
desired mechanical angular velocity. Within the control cycle, w, " can be considered constant, allowing Eq. (3)
to be simplified to Eq. (4). Here, h(t) is the lumped disturbance.

ds dew,  d(wm —wh) 2; n T.—-T.*) Tr Bwm T¢

F7Ar T Ty Sy Sy Sy Sy ML W
h@:%«n—nw—n—ng

To further enhance convergence speed and mitigate chattering caused by excessively large SMC gain values, an
adaptive multi-variable STSM (AM-STSM) algorithm was developed, as shown in Eq. (5).

% = —k1|s|%szgn(s) - k251 (t) s+ U1
du Y
071 = —ksea (t) sign(s) — kas

In the equation, k, >0, k,>0, k,>0, and k, >0 are the gain values to be designed. €1 (¢) and 2 (t) are adaptive
terms, as shown in Eq. (6).

. 1

o+ (L sI™" = m)elsl
_ 1

ComA (=) el

€1 (t)

€2 (t)

In Eq. (6), 0 < m1 < 1. When the system trajectory is far from the sliding surface (i.e., || is large), both €1 (¢)
and 2 (t) converge to 71 ' (greater than 1). As the distance to the sliding surface decreases (i.e., |s| is small),
e1 (t) and €5 (t) gradually approaches 0 and 1, respectively.

From Eq. (4), it can be seen that s is influenced by both T; and h(t). Therefore, two cases can be considered
during design.

(1) When neglecting h(t).
When designing a speed controller, if A(t) is neglected and only T," is considered, then based on Eq. (4) and
Eq. (5), the AM-STSM speed controller shown in Eq. (7) can be obtained.

T." =J —kl\ewﬁsign(ew) — koe1 (t) ew + w1

duy
dt

(7)
= —kaez (t) sign(ew) — kaew

Considering the characteristics of ¢ (f) and &,(t), it can be seen that when the system trajectory deviates
significantly from the sliding surface, k,e (f) and ke (t) increase to kyn, ™' and k™', respectively. When
approaching the sliding mode surface, the k¢, (f) and k,¢,(t) terms decrease to 0 and k,, respectively. It is evident
that the AM-STSM automatically adjusts the gain coefficients based on the magnitude of s. This demonstrates
that the control scheme not only enhances the system’s convergence speed but also suppresses chattering near
the stable phase.
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During motor startup, excessive rotational speed deviation can cause the integral term to saturate. This
leads to severe overshoot in the speed control system and even oscillation. To this end, a saturation limiter
module Sat with a saturation value of 7., is incorporated into the speed control loop, and an anti-windup
coefficient £ is introduced. When the integration term is unsaturated, £=1; when the integration is saturated
(e, |Te™| > |T2]), & = -1, causing the integration term to exit saturation. After incorporating the anti-windup
coefficient, the AM-STSM speed controller is expressed as Eq. (8). Based on Eq. (8), the constructed AM-STSM
speed controller is shown in Fig. 3.

T.  =J —kl\ewﬁsign(ew) — koe1 (t) ew + w1

duy
dt

(8)
= —kseo (t) sign(es) — kalew

(2) When considering h(t).

To enhance the system’s dynamic response, the influence of h(t) is further considered during speed control
design. An LDO is employed to obtain disturbance estimates /(t) and perform feedforward compensation. To
facilitate observer design, the mathematical model of the SynRM speed control system is reformulated into state-
space form as shown in Eq. (9). In the equation, the variation of h(t) is relatively slow compared to the sampling
period of the speed loop, allowing the derivative of h(t) to be considered equal to zero.

dx b
— =azx+bu
dt 9)
y=cx
In the equation, the state variablex = [ wm A (®) ]T,the system outputy = wm, the controlinputu = T, the
input matrix b = [ 0 ]T, the output matrixc = [ 1 0 ], and the state transition matrix a = [ 8 ! } .

According to Eq. (9), the designed LDO is given by Eq. (10) '. In this equation, § and 2 represent the
estimated values of y and x, respectively, while / = [ {1 l2 ]" denotes the gain value of the observer, which is
an undetermined parameter.

dz . "
E-am+bu+l(yfy) (10)
y=ck

To determine the value of /, the error equation for x is further provided as in Eq. (11), where & =  — & represents
the estimation error of x.

di
di;:a(z—ai)—l—l(y—g):(a—klc)fé (11)
The characteristic equation of Eq. (11) is clearly given by Eq. (12). Here, I denotes the identity matrix and A
represents the eigenvalues.

M = (a—1lc)| =N+l +a2=0 (12)

Solving Eq. (12) reveals that selecting I = 2a1,l2 = o and oz > 0 enables A < 0 (i.e., LDO convergence).
Clearly, the magnitude of &, affects the convergence speed of LDO: a larger «, results in faster convergence of
the observer. However, an excessively large «, leads to significant overshoot and poor steady-state performance.

-kyrei(f)en

-kvsqri(le.|)sign(e.)

hseaysignien) - keceo 4] 1
AM-STSM Speed Controller

SynRM
System

Fig. 3. AM-STSM Speed Controller Block Diagram.
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To endow [ with adaptive characteristics, [ = [ 23 (t) a1 (e3(t) ar)® }T is adopted, where €3 (¢) is defined
asin Eq. (13).

1
PR (SRR TN

€3 (t) = (13)

From the above analysis, it is evident that during operation, the observer requires both the actual rotational
speed value wy, and the estimated rotational speed value twy,. Therefore, combining Eq. (10) and Eq. (13) yields
an adaptive LDO (ALDO) as expressed in Eq. (14) and Eq. (15).

Disturbance estimation:

%ﬁt) = lp(Wm — @m) = [e3(t)ar]* (Wm — @m) o
Speed estimation:
Lo b (1) + 25 4 1 om — om) = h(0) + Zo- 4 2e5(0)0n (m — Gom) (4

It should be noted that the values of 772 and k in &3 (t) are within the range: 0 < 72 < 1, k>1. When ¢_ is small,
ez (t) = (m2+0. 5k) , thereby reducing the observer’s overcompensation for h(f). When e is large (e.g.,
during sudden loadings), €5 (t) — 72, accelerates the observer’s convergence speed.

From Eq. (14), it can be seen that by integrating the current (wm — @.m), the next moment’s h (t) can be
estimated. From Eq. (15), it can be seen that using the current (W, — @m), h (t), and T, the next moment’s
speed Wy, can be estimated. Therefore, ALDO can be represented as shown in Fig. 4.

Combining Eq. (8) and Eq. (10), the proposed controller ALDO-AM-STSM is given by Eq. (16).

Too® = J |—kulew|? sign(en) — kaer (£) ew +u1 — iz(t)}

dus (16)

= —ksea (t) sign(ew) — ka€ew
dt
Stability proof and analysis

When |T.*| > |Tes"|, the SynRM speed control system reaches saturation, the output of the speed loop is a
constant value. At this point, the stability of the speed control system depends on the stability of the current loop.
Since the currentloop employs a PI controller, the system remains stable during saturation. When |T%.*| < |Tes"|,
the system is not saturated, and system stability is determined by the speed controller. Since the adaptive terms
e1 (t) and &2 () are never negative and are less than or equal to 1, * under all conditions. Therefore, when the
system is unsaturated, it is only necessary to prove the stability of the speed controller Eq. (17).

T." =J [7k1|ew|%sign(ew) — koe,, + ul}

dur
dt

(17)
. d
= —kssign(e,) — kaew + di(f
Assumption When the disturbance term ¢ satisfies |E 0 and >0, i.e, ¢ is continuously differentiable
with bounded first derivatives, and k, k,, k,, and k, satisfy the relationship in Eq. (18), then the speed controller

P Ky K3
in Eq. (17) meets the Lyapunov conditions for asymptotic stability and converges within a finite time.

A
Om 2 1 h (t)
> (&) P § -
A
(O
283(t)a1
T,
—P 7
Fig. 4. ALDO Block Diagram.
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k1 > (20)%°, ko > 0,kz > 0
8k3ks + 9kik3 + 90%k3k > — 240k3 (18)

ka >
: Ak + 100k2 — 802k, 2

Proof Construct the Lyapunov function shown in Eq. (19).
V = 2ks |ew| + k4ei + 0.5u% + 0.5(k1|ew|0'5sign (ew) + k2ew, — u1)2 (19)

Rewrite Eq. (19) in the form of Eq. (20). Since k, k,, k., and k, are all larger than zero, V' is a positive definite
matrix.

V=XxTQx (20)

In Eq. (20), the vector X and matrix Q can be expressed as:

lew|® P sign (ew) 21 kT + 4k k1 ko —k1
X = Ce = 2 , Q=3 kiks k3 +2ks  —ko (21)
Ul z3 —k1 —ko 2

Equation (20) satisfies the relationship in Eq. (22). Here, || X||,denotes the norm of X, while A, i, {Q} and
Aimax {Q} represent the minimum and maximum eigenvalues of matrix Q, respectively, with both A, ;1 {Q}
and Aimax {Q} being greater than zero.

{)‘unin {QHIXI5 <V < Mmax {Q} |X]];

(22)
X5 = |22| + 22” + 25°

There are z1 = za|z1|”", 212 = 222, and |z1|™" = |22|7% relationships between z, and z, in vector X.
Differentiate vector X and rewrite it in the form of Eq. (23).

dX 1 do
— = ———AX X+ FE—
dt |z|*® HOX A dt
ax”T 1 do @3)
_ T 4T T ~T T a9
p —7|22‘0‘5X A +X C +E g7
In Eq. (23), the matrices A and C and the vector E can be expressed as:
—k1 0 1 —ko 0 0 0
A=1 0 -2k O , C=1 0 —2ky 2 , E=1]0 (24)
—2ks 0 0 0 —2ks O 1
Combining Eq. (23) and differentiating Eq. (20) yields Eq. (25).
dv _ dxT 1 dX
&V _ 2% ox 1 xToll
@~ @ TNy
= s [(XTATQX + XTQAX] +XTCTQX + XTQoX @5)

+2 (E"QX + X"QE)
Since ETQX = XTQE and ¢ is a bounded constant, Eq. (25) can be rewritten in the form of Eq. (26), where
thevector B=| —k1 —k2 2 ]T.

v _ 1
dt = ‘Z2|0.5

XT(ATQ+QA) X + X" (CTQ+QC) X +60B"X (26)

Define P = —ATQ — QA and H = —C"Q — QC, and rewrite Eq. (26) in the form of Eq. (27), where
—|22| " XTKX =BT X.

w1
dt

22| 2

X" (P+K)X - X"HX 27)

Based on matrices A, C, Q, and vector B, matrices P, K, and H in Eq. (27) can be expressed as:

kS + 2k1ks —koks + 3kiky  —ki
P =11 —koks+3k¥ks Akiks +2kik}  —3kiko
—k? —3k1ks k1
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_ 20k Oks —20 kiks +4koks  —kika + 3kikd  —3kike
K=ozl 0k, 0 0 . H=1| —kiks+ 2kik}  2koka+2k3  2k3 (28)
-20 0 0 —2krks —2k3 2k2

Based on the relationship between z, and z, and the positive definite matrix property of Eq. (20), Eq. (27) is
transformed into the form of Eq. (29), where —|z2| "’ XTMX = XTNX.

1

1
—WXT(P+K)X—XTHX:_WXT(P+K+M)X—XT(H+N)X (29)
2 2

In Eq. (29), matrices M and N are expressed as follows:

0 koks — 3kikz 0 1 [ —2kaks + 3kiks kiks — 3kik3  3kiko ]
M =1 koks— 3k3ks 72k1k§ +3kiks —3kiks , N= 2 k1k43* Skik3 0 0 (30)
0 7§]€1k‘2 0 §k1]€2 0 0 d

Combining matrices M and N, matrices P and H can be simplified to:

k‘i)’ + 2k1k3 0 —k% 2]{7%’62 + koks 0 0
pP=1 0 2kiks + 5k1k3  —3kiko , H = 0 koks + k3 —k3 | (31)
—k‘% —3k1ko k1 0 _k% k2 i

When P+ K > 0, H > 0, there exists 4~ < 0 satisfying Lyapunov stability condition, the stability condition
for the speed control system can be given by Eq. (32).
k1> (20)0'5, ko > O7 k3 > 0
8k3ks + 9kik3 + 90%k3k > — 240k3 (32)
4ks + 100k3 — 802k, >

ks >

When ki, k,, k;, and k, satisfy Eq. (32), the eigenvalues of matrices P + K and H are both greater than zero.
Therefore, combining with Eq. (22) yields the relationship in Eq. (33). Here, A, jin {P + K} and A5, {H}
denote the minimum eigenvalues of matricesP + K and H, respectively, with A, ;, {P + K} > 0 and
/\1min {H} > 0.

av < 1

2 2
ST 220 Aimin 1P + KX = Aymin {HHIX15 (33)

Equation (22) satisfies the relationship |z2|"® < ||XH2<VO‘5)\1}?1'§H {Q}. Combined with

V < Mmax {Q} || X ||3, this further yields the relationship in Eq. (34).

1 ||X||2 S A?i?lin {Q} . v
|Z2|0.5 27 V0.5 Aimax {Q} (34)
Vv
Mimin (I > Mmin (1} 5
Combining Eq. (33) and Eq. (34) yields the relationship in Eq. (35).
% g _61‘/0.5 _ 52V

' 35
51:>\1min{P+K}>\?§lm{Q}>052:M>0 )
Aimax {Q} 7 Aumax {Q}

Since both d; and d2 are greater than zero in Eq. (35), it follows that Eq. (17) converges to zero in finite time.
Thus, the hypothesis is proven.

Current loop design

After the speed loop calculates the desired torque Teo", it serves as the input to the current loop. The current
loop converts T¢,* into the desired stator current based on the selected control strategy. As shown by the
electromagnetic torque equation in Eq. (3), an infinite number of current possibilities exist for a given Teo™.
To obtain the minimum stator current i, among them; this paper adopts the MTPA vector control strategy. This
strategy aims to generate the required electromagnetic torque output using the smallest possible i, which can be
equivalently formulated as solving the extremum problem of Eq. (36).

2 (36)

3 .
{constant :Te = —pn (La — Lq) idiq
min : i =iq% + iq2
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To further compute i, and i, in Eq. (36), we construct the auxiliary function Eq. (37), where u is the Lagrange
multiplier.

. . . . 3 .
K (iq,iq,p) = i + qu + plT7 — 3Pn (Lg — Lq) taiq) (37)

For Eq. (37), find the partial derivatives of i , ip and g, and set the partial derivatives equal to zero, yielding the
relationship in Eq. (38).

oK . 3 .

Dia 2iq — §Mpn(Ld — Lq)ig =0

0K . 3 ,

Biy 2ig — §/Lpn(Ld — Lg)ia =0 (38)
0K 3 .

a = Te — ipn(Ld — Lq)ldlq =0

Solving the first two equations of Eq. (38) yields the relationship iq = =-iq. Substituting this into the third
equation of Eq. (38) provides the desired currents iq* and i, for the current loop, as shown in Eq. (39).

ir =15, T& >0 it =iy, T, <0

N T, and . —Tx, (39)
— —_—_— I = —

N\ T5pn (La — Ly) *7\ 15pn (La — Ly)

Simulation verification and analysis

To investigate the performance of the SynRM speed control system based on ALDO-AM-STSM, a corresponding
simulation system was established in Matlab/Simulink, as shown in Fig. 5. In the simulation model, the solver
was configured as a fixed-step discrete system without continuous states, with a step size T, = le-6 s. The
sampling time for current, torque, and electrical angle was set to T = le-5 s, while the speed sampling time
was 10 times T to simulate the 10 kHz switching frequency of the experimental equipment. The speed loop
comprises an AM-STSM controller and an ALDO. The AM-STSM block generates the desired torque value T,"
(without disturbance consideration) based on speed deviation. This Te* undergoes feedforward compensation
via the ALDO stage to yield the desired torque value Te,™ (with disturbance consideration). The T.," serves as
the input to the current control module, where the MTPA current control unit solves for i,"and i_"according to
Eq. (39). Finally, the current loop combines PI control with voltage compensation to enable the actual current
to rapidly track i, and iq*.

The design values in AM-STSM are k1 =350, kz: 45, k3 =5000, k, =35, and 1n,=0.6, which clearly satisfy the
stability condition of Eq. (32). The design values in ALDO are #,=0.5, k=9, and «, =750. The parameters of
the d-q axis current PI controller in the current loop are designed as K, = 226.08, K,, = 10856, and K, = K, =
3756.6. The SynRM parameters used in the simulation are listed in Table 1.

The gain trajectories of the adaptive terms €1 (£), €2 (¢), and €3 () in Eq. (6) and Eq. (13) are shown in
Fig. 6. During no-load startup and sudden load application, the angular velocity error |e | is large, causing
the system trajectory to deviate significantly from the sliding surface. The £1 (¢) and €2 (¢) terms increase and
approach 0" (approximately 1.67), enabling the system to rapidly converge toward the sliding surface (s=0). At
this point, £3 (¢) approaches 2, accelerating the convergence of the observed values. After system stabilization,
e1 (t), €2 (t), and e3 (t) converge to 0, 1, and 0.2 respectively, effectively suppressing chattering after reaching

T, T ! “ ap —3
éIZ:I-tSI':ISIz'[ 3 > MTPA |; SVPWM :: Inverter
dq - >
A
w ™1 puondaia|
ALDO o1 Puoul iy | 0,
i Y i
' u ap =\ abe :l‘;
i dg N\ ¢ ap DA
Pn iy
| de,,/dt l: Encoder SynRM
I
Fig. 5. Block Diagram of the Speed Control System for the SynRM.
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Parameter Unit | Value
Rated power kw 1.1
Rated speed r/min | 1500
Rated torque Nm |7

Pole pairs/p, - 2
Stator resistance/R Q 5.5
D-axis inductance/L,; | H 0.331
Q-axis inductance/Lq H 0.159
Moment of inertia/] | kg m? | 0.0034

Table 1. Parameters of SynRM.
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the sliding surface. The observer gain «, is reduced to 150 to minimize fluctuations in the observed values after
stabilization, meeting the design requirements for the adaptive terms.

The speed response curves for AM-STSM and STSM are shown in Fig. 7. During no-load startup, both
control schemes exhibit approximately 10 r/min of overshoot, converging to the desired speed at 0.1 sand 0.13 s,
respectively. However, AM-STSM demonstrates faster convergence and response speeds. To evaluate anti-
disturbance capabilities, a sudden 7 N-m load was applied at 1 s. STSM dropped from 1500 r/min to 1250 r/min,
exhibiting a 250 r/min drop (16.67% drop) and recovered to the setpoint within 0.4 s. However, the AM-STSM
reduced the drop by 150 r/min (a decrease by 60%) and shortened the recovery time by approximately 38%.

The electromagnetic torque response of the speed control system is shown in Fig. 8. During no-load startup,
the torque output of both control schemes is limited to 10.5 N-m, approximately 1.5 times the rated torque. As
shown in Fig. 8a, during startup, the AM-STSM system exhibits adaptive capabilities, resulting in a higher current
sliding mode control gain. This causes the electromagnetic torque to reach the limit value, enabling rapid startup.
When the no-load speed exceeds the desired, the AM-STSM’s sliding-mode gain rapidly decreases, significantly
suppressing chattering near the sliding surface (s=0) and quickly entering a stable state, concluding the start-up.
As shown in Fig. 8b, after applying a sudden 7 N-m load at 1 s, the STSM’s torque output peaks at 7.45 N-m and
stabilizes around 1.4 s. The AM-STSM achieves a maximum torque output of 7.2 N-m, stabilizing around 1.23 s.
After stabilization, both controllers exhibit minor ripples of 0.1 N-m. Simulation results demonstrate that the
AM-STSM exhibits smaller overshoot, faster response, and faster convergence speed.
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To investigate the impact of the adaptive amplification factor ;' on the performance of the speed control
system, simulations were conducted under no-load start and sudden load application (7 N-m) conditions while
keeping all other parameters constant and varying only 71, as shown in Fig. 9. When 1 = 0.9, the speed
overshoot during no-load start-up is minimal, approximately 5 r/min (0.33% overshoot), while the speed drop
during sudden load application is most significant, approximately 100 r/min (6.67% drop). When 71 = 0.2, the
speed drop during sudden load application was minimal, approximately 55 r/min (3.67% drop), but the overshoot
during no-load start was maximum, approximately 30 r/min (2% overshoot). Simulation data indicates that
reducing 71 enhances the system’s resistance to load disturbances but increases overshoot during no-load starts.
Therefore, the 11 value should be selected based on actual requirements.

A comparison of disturbance observations between ALDO and LDO is shown in Fig. 10. The initial &, values
for the two observers were set to 750 and 1500, respectively. When disturbances are present, ALDO’s adaptive
term amplifies &, to 1500, resulting in identical gain matrix values. Therefore, when a 7 N-m load is suddenly
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Fig. 12. Impact of mismatch in resistive and inductive parameters on control performance.

applied at 1 s, both observers exhibit the same overshoot of approximately 2.5 N-m (35.71% overshoot). After the
rotational speed stabilizes, ALDO’s adaptive term reduces «, to 150, resulting in smaller fluctuations in ALDO’s
observed values and significantly improving observation accuracy.

The trajectory of the anti-windup term in Eq. (16) is shown in Fig. 11a. During the motor start-up phase,
the —ks&e,, term is a large positive value, enabling the integral term to rapidly exit saturation. After exiting
saturation, the —ksfe., term becomes negative to accelerate the elimination of steady-state speed error.
Rewriting the derivative term in Eq. (16) as —kses (1) sign(ew) — kaew + ks (Te — T¢s) yields the standard
anti-windup method described in reference®*. A comparison of the speed response between this method and the
proposed anti-windup strategy is shown in Fig. 11b. When k; is appropriately designed, both strategies exhibit
comparable performance in terms of speed overshoot and recovery time.

During motor operation, parameter shifts may occur. A comparison of speed responses under inductance-
resistance parameter mismatches is shown in Fig. 12. The inductance and resistance parameters of the motor
model were varied from (L g RS) to (0.7L dp 1.3RS) and (0.5L i 1.5RS), respectively. Figure 12 shows that when
the parameter mismatch is small, there are no significant changes in the overshoot during startup, the speed
drop under sudden load, or the speed stabilization time. When the parameter mismatch is significant, the speed
overshoot during startup increases by 5 r/min (increase of 50%), and the speed drop under a sudden 7 N-m load
increases by 20 r/min (increase of 50%). Both increases are relatively small. This demonstrates that the ALDO-
AM-STSM exhibits good parameter robustness.

To investigate the impact of ALDO on the system, the speed responses of ALDO-AM-STSM and AM-STSM
(without ALDO) were compared as shown in Fig. 13. After the sudden load application (7 N-m), the speed drop
of ALDO-AM-STSM was smaller, amounting to 60 r/min (a 60% reduction compared to AM-STSM), and it
recovered to the desired speed within 0.35 s. At 1.3 s after load unloading, ALDO-AM-STSM exhibited a smaller
overshoot (approximately 25 r/min, 1.67% overshoot) and shorter recovery time. Results indicate that compared
to AM-STSM, ALDO-AM-STSM demonstrates superior performance in both speed drop and recovery time.

Experimental validation and analysis

The SynRM controller’s hardware utilizes the TMS320F28335 as its main control chip, implementing the
previously discussed control algorithms as software programs. To investigate the experimental characteristics
of SynRM speed control, a hysteresis brake was employed to apply a load to the motor, capable of exerting up to
10 N-m. The constructed experimental platform is shown in Fig. 14, where the hysteresis brake, dynamic torque
sensor, and motor rotate coaxially during operation. Speed information is obtained from an optoelectronic
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Fig. 15. Three-phase stator current during stable operation.

encoder with a resolution of 3600 pulses per revolution. Three-phase current information is obtained after
processing by the AD7616 chip, which has a resolution of 16 bits. The dynamic torque sensor displays the real-
time load value applied by the brake, along with the motor speed and power output. The inverter switch’s PWM
interrupt frequency is 10 kHz. Sampling times for current, electrical angle, and speed match those set in the
simulation (speed sampling interval: 1 ms; current and electrical angle sampling interval: 0.1 ms).

During the experiment, the relevant parameters in the AM-STSM were set as follows: k1 =20, k2 =26, k3 =0.65,
k4:0.0016, and 71 = 0.6. The corresponding parameters in ALDO were set as: 72 = 0.5, k=9, «,=0.075.
Among them, k;, k,, and «, are all parameter values after integral discretization multiplied by 10 times T The
integral and proportional terms in STSM were identical to those in AM-STSM. The speed was uniformly set to
1000 r/min during the experiments.

At a load value of 5 N-m, the three-phase stator currents after motor stabilization are shown in Fig. 15.
The current waveforms are essentially sinusoidal with an amplitude of approximately 3.95 A. The disturbance
observation values of the control system are depicted in Fig. 16. A disturbance of 5.5 N-m was applied at 5.5 s,
and the stabilized ALDO observation value was approximately 5.6 N-m, slightly higher than the actual value.
Experiments demonstrate that ALDO can effectively track lumped disturbances.

A comparison of stator current waveforms using MTPA and non-MTPA (i = 0.4 |Teo"|, iy = Teo™)
current control is shown in Fig. 17. After no-load start-up speed stabilization, the current consumption of both
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MTPA control.

current allocation strategies is essentially identical. Under a 5 N-m load, the average stator current of the system
employing the MTPA current allocation strategy is lower than that of the non-MTPA control (reduced by
0.33 A), consistent with theoretical analysis.

During no-load startup, the speed and current response curves for the three speed control schemes (Scheme
1: ALDO-AM-STSM; Scheme 2: AM-STSM; Scheme 3: STSM) are shown in Fig. 18, with corresponding data
listed in Table 2. Compared to the other two schemes, Scheme 3 exhibits the smallest peak starting current.
After stabilization, all three control schemes exhibit good current sinusoidal quality. Regarding overshoot,
Scheme 2 and Scheme 3 are comparable, with overshoots of approximately 10 r/min and 9 r/min, respectively.
Scheme 1 exhibits a larger starting current due to the 7%, ™ supplied to the MTPA during the initial startup phase,
which results from the superposition of the disturbance observer and sliding mode controller components.
Consequently, Scheme 1 demonstrates a slightly larger overshoot of approximately 34 r/min. Schemes 1 and 2
stabilized at the set speed in 0.52 s and 0.56 s, respectively, both converging faster than Scheme 3 (Scheme 1 is
7.14% faster than Scheme 2 and 21.21% faster than Scheme 3.).

The response curves for rotational speed, electromagnetic torque, and stator current during 2 N-m load startup
are shown in Fig. 19. During load startup, no overshoot was observed in any of the three control schemes. After
speed stabilization, all schemes exhibited minor fluctuations of approximately + 1.5 r/min, with good sinusoidal
phase current waveforms. Among the three control schemes, Scheme 1 achieved the shortest convergence time
of approximately 0.63 s. Scheme 3 produced the smallest torque peak. Following speed stabilization, all three
control methods exhibited torque ripples of approximately 0.3 N-m.

The response to sudden load changes during operation is shown in Fig. 20, with corresponding data listed in
Table 3. After applying a sudden load (5 N-m), Schemes 1, 2, and 3 exhibited speed reductions of approximately
43 r/min, 102 r/min, and 248 r/min, respectively. Scheme 1 demonstrated the smallest reduction and the shortest
time to recover to the desired speed. Compared to scheme 3, scheme 1 reduces speed drop by 82.67% and
adjustment time by 47.96%. Compared to scheme 2, it reduces speed drop by 57.84% and adjustment time by
17.95%. After speed stabilization, all three control schemes exhibited approximately 0.8 N-m (15%) of torque
ripple. After sudden load removal, Scheme 1 demonstrated the smallest speed overshoot and fastest convergence
speed. Compared to Scheme 2 and Scheme 3, Scheme 1 reduced overshoot by 61.09 r/min (decreased by 66.49%)
and 247.74 r/min (decreased by 88.95%), respectively, while shortening convergence time by 0.17 s and 0.69 s,
respectively. Scheme 1 demonstrated superior anti-disturbance capability.

Based on the combined results of no-load start, load start, and anti-disturbance tests, it is evident that applying
the ALDO-AM-STSM controller to SynRM speed control delivers superior recovery characteristics and anti-
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Fig. 18. No-Load Start-Up Experiment. (a) ALDO-AM-STSM, (b) AM-STSM, (c) STSM.

Control method | Peak speed (r/min) | Speed overshoot (r/min) | Adjustment time (s) | Peak starting current (A)
Scheme 1 1034.09 34.09 0.52 3.76

Scheme 2 1010.41 10.41 0.56 3.26

Scheme 3 1009.03 9.03 0.66 2.5

Table 2. No-load startup experimental data.

disturbance capability. These properties are particularly crucial for electric vehicle applications. For instance,
during overtaking maneuvers or hill climbs, the drive motor faces sudden torque demands. This solution ensures
smooth speed transitions, eliminating jerky sensations to enhance ride comfort and safety. Simultaneously, when
robotic arms grasp workpieces, it guarantees stable operation, preventing vibrations or positioning errors caused
by abrupt load changes.

Conclusions

This paper proposes a composite control scheme combining adaptive multivariable super-twisting sliding mode
(AM-STSM) control with an adaptive Luenberger disturbance observer (ALDO) to enhance the dynamic and
anti-disturbance performance of the SynRM speed control system. Through theoretical analysis, simulation
studies, and experimental validation, the following conclusions are obtained:

1) The proposed AM-STSM controller effectively balances the trade-off between system response speed and
steady-state accuracy through an adaptive gain scheme. The adaptive terms €; (¢) and 2 (¢) dynamically ad-
just gains based on rotational speed error, enabling strong convergence during startup and large disturbance
phases while smoothly suppressing sliding mode chattering as steady-state approaches.

2) The designed ALDO achieves high-precision observation and real-time compensation for lumped dis-
turbances. Its adaptive gain e3 (¢) ensures rapid response during dynamic processes and smooth decay in
steady-state phases, thereby enhancing system robustness while avoiding excessive observation noise.

3) Simulation and experimental results demonstrate that compared to traditional STSM, ALDO-AM-STSM
achieves shorter adjustment times during no-load startup, but with a slight increase in speed overshoot. Un-
der sudden load additions, it reduces speed drop by 82.67% and shortens adjustment time by approximately
47.96%. During sudden load shedding, it reduces speed overshoot by 88.95% and shortens regulation time
by approximately 50.36%, while significantly reducing steady-state torque and speed fluctuations.
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Fig. 19. Load Start-up Experiment. (a) ALDO-AM-STSM, (b) AM-STSM, (c) STSM.

ALDO-AM-STSM provides an effective solution for addressing chattering and anti-disturbance issues in SynRM
speed control systems, significantly enhancing the system’s dynamic and static performance as well as control
quality. Compared to nonlinear control strategies such as model predictive control, feedback linearization, and
nonlinear optimal control, ALDO-AM-STSM requires lower model accuracy, imposes a lighter computational
burden, and is simpler to implement. However, further research will be conducted on the parameter system
adjustment of this strategy, the mismatch perturbation caused parameter mismatches, and control adaptability
issues during wide speed range operation.
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Fig. 20. Anti-disturbance Performance Experiment. (a) ALDO-AM-STSM, (b) AM-STSM, (c) STSM.

Control method | Maximum drop (r/min) | Adjustment time (s) | Maximum overshoot (r/min) | Adjustment time (s)
Scheme 1 43 0.64 31 0.68
Scheme 2 102 0.78 92 0.85
Scheme 3 248 1.23 279 1.37

Table 3. Anti-disturbance experimental data.
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