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Model Predictive Control of Robot Flexible Joint
Motor Based on Lyapunov Prediction Model

Zebin Yang ", Tianyang Shen, Xiaodong Sun

Abstract—To address the parameter sensitivity issue of flexible
joint permanent magnet synchronous motors (FJ-PMSMs) when
employing a candidate voltage vector strategy, an adaptive method
based on the Lyapunov function predictive model is proposed. By
using the finite control set model predictive control (FCS-MPC)
approach, the continuous input control law is transformed into rel-
evant constraints of the FCS-MPC optimization problem. Specific
equations are constructed through online adaptive laws to ensure
system robustness, thereby tracking performance and minimizing
current ripple. The effectiveness of the strategy is verified by exper-
iments, the proposed strategy is compared with conventional MPC
control methods. It effectively resolved the parameter uncertainties
and load disturbance issues of the FJ-PMSM, showing superior
current quality over traditional methods.

Index Terms—Candidate voltage vectors, finite control set model
predictive control (FCS-MPC), flexible joint permanent magnet
synchronous motors (FJ-PMSMs), flexible joint permanent magnet
synchronous motor, robustness.

1. INTRODUCTION

N MOTION control systems such as industrial robots and
I aerospace structural drives, lightweight, and high self-weight
structural materials are commonly used to reduce their own
weight. These structures undergo changes during motion, caus-
ing corresponding stresses, and exhibiting typical flexible load
characteristics. Modeling and robust control of articulated robots
are essential in response to this situation [1]. More and more
robots are equipped with flexible joints, enabling them to ma-
neuver and operate flexibly in complex environments, while
reducing the risk of collisions and damage to the robot and its
surrounding environment.

Compared with rigid joints, flexible joints are better at adapt-
ing to irregular shapes and surfaces, thereby enhancing the
adaptability and safety of robots in human-computer interaction.

Generally speaking, a flexible joint permanent magnet syn-
chronous motor (FJ-PMSM) consists of a drive motor, a flexible
reduction device, and a connecting rod at the load end.
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Compared with asynchronous motors, the efficiency and
power factor of permanent magnet synchronous motors are
greatly improved because no reactive excitation current is re-
quired [2], [3]. Compared with ordinary synchronous motors,
the rotor winding excitation device is replaced by permanent
magnets, which simplifies the motor structure and improves
efficiency. At present, researchers worldwide generally use ex-
cellent control methods such as vector control [4], [5], direct
torque control [6], [7], and model predictive control [8], [9],
[10] to carry out high-precision, high-dynamic performance, and
wide-range speed regulation or positioning control of permanent
magnet synchronous motors. However, in this context, the con-
trol design of the voltage source inverter-fed PMSM driver is
still a very challenging task, and the nonlinear term coupling
in the model [11], the discrete nature of the VSI [12], and the
uncertainty of the motor parameters [13], [14], [15], [16] bring
great difficulties to achieve the goal of high control performance.

In contemporary research, analogous to controlling FI-
PMSM, the techniques for controlling the speed of VSI-fed
PMSM drivers can primarily be classified into two categories: 1)
continuous input and 2) discrete input methodologies [17], [18].
The former, often referred to as the indirect method, achieves
speed regulation through modulating the pulsewidth modulation
(PWM) switching frequency [19]. This foundational principle
has paved the way for several sophisticated nonlinear control
strategies, including fuzzy logic control (FLC) [20], neural
network control (NNC), sliding mode control (SMC) [21], [22],
adaptive control [23], [24], and nonlinear optimal control [25],
[26].

Among the various methods mentioned above, each possesses
its own advantages and disadvantages. FLC demonstrates a
commendable ability to adapt to uncertainties and complexities,
offering satisfactory control performance for motor systems that
are difficult to model or exhibit significant parameter variations.
Due to its nonlinear nature, FLC exhibits strong robustness
against changes in system parameters and external disturbances.
However, it falls short in terms of computational complexity,
introducing additional computational overhead in real-time con-
trol systems, which significantly increases computation time.
NNC has shown extraordinary capability in adapting to the
nonlinear, time-varying characteristics and uncertainties within
motor drive systems. Although, it can withstand the effects of
parameter changes, noise, and external disturbances to some
extent, it is somewhat less effective compared to other methods.
Moreover, NNC requires substantial computational resources,
necessitating high-performance hardware to meet real-time
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requirements. While SMC provides robustness for bounded pa-
rameters, it still faces challenges in addressing chattering issues.
Adaptive control methods offer stability assurance laws without
considering unknown parameters. Adaptive laws can be flexibly
applied to PID gains, compensation terms, or selected param-
eters of the model. Despite the flexibility in adaptive control
design, many current literatures inadequately address critical
issues such as optimality constraints, adjustment of adaptive
gains, and related parameters [27], [28], [29], [30].

To enhance robustness and stability while avoiding excessive
computational complexity, an adaptive method based on the
Lyapunov function predictive model is proposed. By establish-
ing a continuous control law approach, the robustness of the
continuous control law is embedded within the discrete control
law as an additional constraint. Online adaptive laws ensure
robustness by employing online identification algorithms to
estimate motor parameters, which are then utilized in the design
of the control strategy. This approach is grounded in a specific
form of error feedback mechanism, whereby parameters are
adjusted inreal-time based on the error, effectively mitigating the
impact of parameter variations. Stability is achieved through the
implementation of feedback control laws. To date, this process
not only guarantees system stability and robustness but also
satisfies the flexibility required by model predictive control [31],
[32] for various metrics. Regarding reference voltage vectors,
numerous schemes have been proposed by scholars both do-
mestically and internationally [33], [34], [35], [36], such as
synthesizing reference vectors from two or three basic voltage
vectors (considering zero vectors), adjusting the duty cycle to
synthesize optimal voltage vectors, or employing the principle of
deadbeat control to synthesize optimal voltage vectors [37], [38],
[39], [40]. In brief, the approach of selecting reference voltage
vectors aims to apply the ideal voltage to the stator windings
of the motor to generate the desired flux and torque. Given
that this method inherently involves significant computational
requirements, choosing an appropriate synthesis method and
the number of vectors becomes particularly critical. This issue
is effectively addressed in this article. This article adopts an
improved technique based on discrete space vector modulation
(DSVM), which synthesizes virtual voltage vectors within a
single sampling period to improve motor drive performance.
Although the increase in voltage vectors can lead to greater
complexity in enumerating computation tables and switching
tables, the improved control strategy using DSVM technology
can reduce torque ripple and computational load [41], [42].
In this strategy, three feasible voltage vectors adjacent to the
optimal voltage vector are selected as candidate voltage vectors
according to the cost function [43], [44], [45]. The positioning of
the optimal voltage vector is calculated to lower computational
costs.

In the control system of FJ-PMSM, it is common to equip the
motor with a reducer. When operating under load for extended
periods, the motor temperature tends to be high, leading to
more pronounced parameter variations. Additionally, the high
precision requirements of robotic arms necessitate stringent
demands on the torque ripple of FI-PMSM. The robustness
and minimal torque ripple offered by the proposed approach
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adequately meet the requirements of the control system, enabling
FJ-PMSM to exhibit superior control performance during practi-
cal operations. This contributes significantly to the advancement
of system control for FJ-PMSM. The strong robustness ensures
reliable operation despite parameter changes due to temperature
fluctuations, while the reduced torque ripple supports the high-
precision positioning required in robotic applications. There-
fore, the implementation of this method enhances the overall
performance and reliability of FJ-PMSM systems, fostering
further developments in their control methodologies.

II. MATHEMATICAL MODEL OF FJ-PMSM

The three-phase FJ-PMSM mathematical model is established
in the synchronous rotating coordinate system (d-q). The voltage
equation of stator winding is

{ud = Rig + Lid — wLiq

. 1
Uqg = Rig + Lig + wLiq + wippm, M

where u, I, and L represent voltage, current, and inductance,
respectively. The subscripts d and g represent the components
in the d-g coordinate system. R, 1,,,, and w represent stator resis-
tance, electrical angular velocity, and flux linkage, respectively.

The electromagnetic torque equation of FJ-PMSM can be
expressed as

3
T = 5pig¥m @)

where p is the number of pole pairs of the motor.
In addition, the mechanical motion equation of the motor is

TfTL:%erBw. 3)

This section derives a dynamic model with uncertain param-
eters for an SPMSM drive.

The dynamic model of the SPMSM in the synchronously
rotating d—q reference frame is presented as follows:

%d = —aytq + asug + wiq —dyg
ig = —a1iy + agu, — Wiqg — azw — d, )
W= a4iq — asw — ag1L
WhereCLl:%,CLQZ%,CL:g: ,a4:3p;ff"‘,a5:%,a6:
%, Jis the moment of inertia, B is the viscous friction coefficient,
In the dynamic model (4), d4, dg4, and d,, represent slowly
changing disturbances, and T, represents the load torque.
In this article, the proposed method simplifies the model with
only two equations to reduce the dynamic order with a new state
variable z defined as

{ We =W — Wy )

Z=w = agiy — asw — agly,

Ym
L

where w, is the speed error and w is the reference rotor speed.

The stability target for w, at O is interpreted as the stability of z

at 0. Take the derivative of (5), insert (4) into the new equation
We =W — Wy

2 =as(—a1iqg+ a2Vy — wiqg — agw — dg) — asw — agTr

(6)
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Fig. 1. Proposed method flowchart.

In the actual operating case, the speed, load torque, and
dg-axis disturbances are slow and therefore negligible, and the
assumptions are made to remove the irrelevant terms from the
equation, and (6) can be reduced to

{. We =W =2 7

2= —a52 — A104%q + G204 Vy — Q4Wiq — Q304w

III. PROPOSED SCHEME
A. Uncertainty of FJ-PMSM

In this article, the second-order system that can be obtained
from (4) and (7) is

al'z,)

{6 = a2a4(vq - (8)
)

; T
1q = ag(Vd — QTG

where
z, = [ig wig w g
zi = [ig wig 1]7

aj, a, represent vectors of unknown parameters. The above
second-order dynamic model is simplified to a first-order dy-
namic model, and the new dynamic model of SPMSM is

ig = as(ug — aiTxi), z = asaq(ug — oga:z). 9)

Applying the adaptive and feedback control laws, (9) must
be stable at the origin, and under normal circumstances, the
controller can be designed to

ug = —kitg + @;?in, Ug = —k.2 + &sz (10)

where k; > 0, k, > 0 is the feedback coefﬁcient,o?iT, @Z are,
respectively, the adaptive terms of o,T, a7, thus, in combination
with (10), as shown in Fig. 1, the original (9) can be expressed
as

iq = ag(—kiiqg — Aalz;), i = agas(—k.z — Aalx,). (11)
The control law based on the Lyapunov function can be written
as
V(t) _ % + agAOtZTQAiAai

22 asayAaT A, Aa,
5t

>0 (12)
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where A;, A, is invertible positive definite matrix, so taking the

derivative of (12) gives you the first-time derivative of CLF
V(t) =

— agkiig — agagk,2?

— GQ(AQZT.’L'Z‘Z'CI + AO(;FAloAéZ)

—asag(Aalz.z + AT ALdL). (13)
Set the parentheses equal to zero, then
{ai = —A7'wig & & = — [ A Ywgiadr + 64(0) 1
q, = —Aj'w.z & G, = — [ A z.2dr + G.(0)

where &;(0), &,(0) are Initial values. The adaptive law con-
tributes to the stability of the feedback control law by compen-
sating for the uncertainty d;, d,. Then, (13) can be rewritten as

V(t) = —agki — asagk.z? < 0. (15)

where V(1) decreases monotonically over (0, +o0), it can be
obtained by (12) that V(t) < V(0) < oo, integrate both sides of
(15), it can be written as

agki/ igdt+a2a4kz/ 22dt = V(0) — V(o0)\/b? — dac

0 0
< V(0) < 0. (16)
The following equation is inferred from (16):
o0 o0
/ iAdt < oo,/ 22dt < 0. (17)
0 0

From (17), it can be obtained by Babarlat lemma that ig, z
converges to 0, i.e., the d-axis current and torque converge to
the reference value, and the control law can be stabilized at the
origin.

B. Stability of Discrete Input Systems

The continuous control law (10) can be directly applied by
the SVPWM technique, and the sector modulation principle of
the reference vector Vy = (V,*, V4") is derived by combining
the fundamental voltage vector (V,/, V./, V)

V* Vr Vl VO
A I e

where o > 0, 5> 0, « + 8 < 1, In the equation, the superscript
(0, r, I) represents the zero, right, and left vectors in the reference
sector, respectively.

If there is a viable continuous reference vector in (10) that
guarantees the stability of (9), then there is at least one elemen-
tary discrete vector in the selected sector such that (9) is also
stable.

In (18), as a feasible reference vector for SVPWM, the con-
tinuous control law (10) can be changed to

* AT
—Ug + QT

* ~T
—Uq + Q; x;
* 7 *
ki - »kz

1d z

19)
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Bringing (18) into (19) and (15), the first derivative of the
continuous reference vector can be expressed as

V (t, ‘/;*) = — agki*iz - a(]G,Qk‘Z*Zz

=aV (tLVI)+BV (V) +(1—a—B)V (£, VD)
(20)

where V (t, V), V(t, V1), and V (t, V0) are the first derivatives
for the right, left, and zero vectors, respectively.

According to (19), the stability condition of the reference vec-
tors V(t, Vi) <0anda >0, 5 >0,a+ [ < listrue, so there
must be a negative term inV (¢, V), V (¢, V%), and V (¢, V?),
i.e., at least one fundamental vector in V (¢, V"), V (, V), and
V(t, V9)satisfies the stability condition of the continuous refer-
ence vector V*.

C. Virtual Voltage Vectors Syntheses

According to the DSVM principle, a virtual voltage vector
is synthesized by applying multiple voltage vectors at predeter-
mined time intervals during each sampling cycle. A sampling
period is divided into N parts on average, and the expression of
the virtual voltage vector is

uvi’l‘ — Z tj‘/jreal (21)
j=1,2,....N
where
Vil e (Vi Va, ..., Ve}
t =
7N
Ntotal = 3N? + 3N + 2. (22)

For example, “66Z” refers to the fundamental voltage vectors
Ug and U, with 2/3 and 1/3 sampling periods applied respec-
tively, and “46Z” refers to the fundamental voltage vectors U,
Ug, and Uy with 1/3 of the sampling period applied, respectively.

The required virtual voltage vector can be calculated in reverse
from the reference torque and flux, and the virtual voltage vector
can be solved as follows: the difference between the torque at k
+ 1 and k + 2 can be expressed as

AT (k+1)=T(k+2)—T(k+1). (23)

Therefore, the expression for the change of the virtual vector
and the torque is (24), where a and b are the components of the
virtual voltage vector in the d-axis and g-axis

Volk+1)Ts=MVy(k+1)Ts+ B 24)
where
M = (La — Lq) g (k+1)
(La = Lg) ta (k+ 1) + Latbm,
B LqL, AAT (k+1)
(Ld - Lq) "/Jd (k + 1) + qum 3p

wT

— Lo (Lo = La) (W s+ 1) = 0 (k + 1))
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Fig. 2. Geometric solution of virtual vectors.

 RTw, (k+1)
[2L2

(L3 = L3) ¢a (k+1) — Lim)]

L [4AT (k+1) Wl

P I PR

- Ld"/}d (k + 1) wm)

% (k+ 1)wm

+

RT,
2 g (k+ 1)wm] .

According to (26), Fig. 2. can be made on a plane, the torque
equation is represented by a straight line. All voltage vectors in
a straight line produce a corresponding torque change. Ignoring
the stator resistance term, the flux equation can be approximated
as

Vs (k+ 1) = s (k) + us (k) Ts.

From this, it can be deduced that the expression of the stator
flux is

P2 (k+2) =5 (k+2) + ¢ (k+2)
= Wa(k+1)+ Vi (k+1)Ty)*
+ (g (k4+1)+ V, (k+1) T,

Equation (26) is the expression of a circle, the center of the
circle is [—t) q(k + 1), =1 4(k + 1)], the radius is [¢)s(k + 2)|, and
it can be seen in the figure that the voltage vector represented
at the intersection of the circle and the line satisfies the require-
ments of both torque and flux. In addition, the hexagon in the
diagram represents the voltage limit of the inverter, as shown in
Fig. 2, the intersection falls inside the hexagon, indicating that
the inverter can output a voltage vector that satisfies both torque
and flux at the same time. If the intersection falls outside the
hexagon, the required voltage vector is beyond the limit that the
inverter can provide, so only the intersection point and the origin
can be connected, and the intersection point with the hexagon is
the alternative voltage vector.

(25)

(26)

D. Improved Discrete Space-Vector Modulation Technique

According to the method of synthesizing virtual vectors from
three vectors, the space of the fundamental voltage vector is
divided into the region, as shown in the Fig. 3, and the three
numbers on the three vertices of each triangle represent the three
vectors synthesized by the vector, where Z represents the zero
vector. After synthesizing the virtual vectors, according to the
different triangles where the vertices of the virtual vectors are
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Fig. 3. Local virtual vector representation.
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366/ @

311 322 333 344 355

b 312 323 334 345 356

212 223 2p4 245 256,
213 224 235 246

113 124 135 146
114 125 136

U001\, Us(101) 1y

Fig. 4. Determination of the position of virtual vectors.

located, the candidate voltage vectors are increased from 6 to
38, which greatly optimizes the selection of the voltage vectors
and makes the control performance of the motor better.

For the virtual vectors that need to be synthesized, an algebraic
method for calculating candidate voltage vectors can be used to
reduce the scope of cost function enumeration and reduce the
computational burden of the system.

Assuming that [y, lo, and I3 are the three boundaries of the
voltage limit, as shown in the Fig. 4, the end coordinates of
the virtual voltage vector can be written as (u, ug), and for
boundary /1, the distance /; from the vertex to the boundary d;
is

di — ug + 3y - 3 (\/gu,@ —l—udc)
! u; Uge '

27)

For boundary 5, a new coordinate system o'— ' can be
constructed, where

3 1
ug = i& + 56

5 (28)

According to (28), it can be inferred that the distance ds from
the vertex to the boundary /5 is

4 — 3 (\/§U[3/ + udc) B 3 (%ua + @“B + “dC)
2 = . = )

(29)
Udc
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In the same way, it can be inferred that the distance ds from
the vertex to the boundary /5 is

3 (%ua —

@u[a + udc)
Udc .

The results of (28), (29), and (30) are rounded up to give D1,
D», and D3, so the triangle containing the vertices of the virtual
voltage vector can be represented as

ds = (30)

D = 100D, + 10Dy + Ds. (31)

Because there is a fixed correspondence between the triangle
number shown in Fig. 4 and the candidate vector synthesized
with the fundamental voltage vector, i.e., the three vertices of
each triangle, the corresponding table can be entered, so that
according to the number of the triangle where the virtual vector
is located, the corresponding candidate vector is directly brought
into the cost function, and the candidate vector with the youngest
value function is taken as the optimal voltage vector output.

E. MPC With Stability—Robustness Constraints

In order to achieve the above control objectives, the set cost
function can be written as

g = Aig** + B2*? (32)

where A and B are positive weight factors according to different
performance requirements. The items with superscripts (x) rep-
resent the value of one-step prediction (k + /), while the items
without superscripts (x) represent the current value of (k). In
order to achieve the minimum value of the above cost function
while satisfying the stability robustness constraint, (32) must
satisfy the following conditions:

_ —ug+alx;
fy = kel
kz — L@ZJKZ > 0.

z

>0
(33)

Depending on the predicted value, i4* and z* in (32) can be
written as

ig* = ia(k) + Tsag(ug + d;)

. (34)
2" =z (k) + Tsagay (uq + dz)
where T, is the sampling period.

In the abovementioned formula, i4(k) represents the current
at the sampling time, and i ;* represents the predicted value after
one step of prediction, which is also applicable to z.

The FCS-MPC optimization problem according to (14), (32),
and (33) has certain advantages, first, the robustness of the
control is guaranteed by (14), the stability is guaranteed by the
symbol of two feedback gains, and by setting the appropriate op-
timal criterion, a number of important parameters (such as motor
torque ripple, switching frequency, power loss, and maximum
output current) are flexibly controlled to achieve multiobjective
optimal control.

In summary, Fig. 5 shows the overall experimental flowchart
of FCS-MPC. As shown in the figure, the proposed optimization
scheme is derived from the basic d-q model, which transforms
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Fig. 5. FCS-MPC overall control block diagram.

A.PC
B. DC-power
C. Inverter

D. Controller G. Torque sensor

H. Load

E. Oscilloscope

F. FJ-PMSM

Fig. 6. Experimental setup.

the model by using new state variables, and finally simplifies ac-
cording to relevant constraints. The adaptive law with a lumped
adaptive quantity ensures the robustness of the model. Through
this adaptive term, the stability robustness constraints (k;, k,)
and predicted state variables (i4", z*) of the switching states in a
finite set are calculated online using (33) and (34). Finally, based
on the selection of the optimal voltage vector, the FCS-MPC
obtains the optimal switching state S,;., which is then handed
over to the PWM module to control the on/off of the IGBT.

IV. SIMULATION AND EXPERIMENT VERIFICATION
A. Experimental Setup

To verify the feasibility of the proposed method in practical
applications, we constructed a flexible joint experimental plat-
form, as shown in Fig. 6, for validation. The platform includes
a cascaded arrangement of FJ-PMSM, torque sensors, and drive
chains. At the output end, the connecting rod connected by
flanges allows for load exchange, allowing the load on the
flexible joint to be changed according to experimental condi-
tions. This facilitates the verification of the tracking performance
of the system under different loads.

The control system of the experimental platform consists
of a real-time controller RTU-BOX, a power converter, and a
power module. The control platform supports real-time operat-
ing systems, ensuring high-precision time management during
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TABLE I
PMSM SYSTEM PARAMETERS

Parameter Sy Value
mbol
Number of pole pairs n, 10
d-axis inductance Ly 0.18 mH
g-axis inductance L, 0.18 mH
Stator resistance Rs 0.19Q
Permanent-magnet flux linkage vy 0.0053819Wb
Dc-link voltage Ule 48V
Rated speed N 3500 r/min
Rated power Py 400 W
Inertia J 0.0000376 kgm?2
Reduction ratio R, 100:1

the control process and meeting the requirements of time sensi-
tive control tasks. And the platform has built-in data collection
and monitoring functions, which can monitor and analyze the
system’s operating status in real time. Users can monitor various
parameters of the system through a graphical interface. The
measurement value of the torque sensor is only for reference
purposes and is not fed back to the controller. The position
signals from the motor side and the chain side are fed back to
the controller through position sensors. The controller calculates
the motor drive signal based on the designed model and outputs
it to the power converter to drive the combined motor. Table I
lists the physical parameters of FJ-PMSM.

B. Impact of Stability-Robustness Constraints on Performance

During this process, the sampling frequency of all control
experiments was controlled at 10 kHz. The parameter design of
the speed controller is set to Kp = 0.31 and Ki = 20.

First, some statements need to be made here. Due to the
built-in reduction ratio Rr of 100:1 in the FJ-PMSM, we cannot
fully simulate the no-load operation of the motor in subsequent
experiments. We can only simulate the situation of variable load
by increasing the load on the connecting shaft. Therefore, in
subsequent experiments, the no-load mentioned by us refers to
the situation where the FI-PMSM is equipped with a reduction
ratio Rr without additional load.

This article first studies the performance of the motor under
sudden rated load at arated speed of 3500 r/min and no parameter
mismatch under no-load conditions. As shown in Fig. 7, the
motor first runs at 3500 r/min without load. From Fig. 7, it can
be seen that compared with the proposed control method, the
traditional MPC control method obtains slightly poorer current
quality. Due to the traditional control method of MPC using 7
basic voltage vector selections, while the method proposed in
this article uses 38 candidate voltage vector selections.

In subsequent experiments, this article studied the current per-
formance of these two different control methods under system
parameter mismatch conditions. In the first set of experiments,
the control condition was L” = 2L. It can be clearly seen from
Fig. 8 that the traditional MPC control method has a larger
current ripple in the case of inductor configuration, while the
current ripple is relatively smaller after using the control method
proposed in this article. As is well known, in traditional MPC
control methods, the accuracy of system parameters is highly
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Fig. 8. Experimental performance of three methods when inductance param-
eter mismatch L' = 2L. (a) Traditional MPC method. (b) Proposed method.

required for the predicted values. The mismatch of inductance
parameters may result in the selected voltage vector not being
the optimal voltage vector, leading to a significant decrease in
the control performance of the motor. In this article, stabil-
ity assurance constraints are used to reduce the sensitivity of
measurement parameters. When the system suddenly increases
the load, although the motor speed slightly decreases, it can
quickly follow the reference value and return to normal in
a short time, and the torque ripple amplitude is also smaller
than traditional MPC control methods. Although the method
proposed in this article has the above advantages, traditional
MPC control methods have advantages in the time required for
g-axis current and motor speed to reach steady state.

The second set of experiments will change the controlled
conditions to ¢’ = 2¢. From Fig. 9, it can be seen that the
traditional MPC control method has some burrs at the peak of
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eter mismatch R' = 2R. (a) Traditional MPC method. (b) Proposed method.

the a-axis current, and the d-axis current performance deterio-
rates. However, proposed method in this article, due to the use
of stability guaranteed constraints to reduce the sensitivity of
magnetic flux parameters, the current performance is better than
that of the traditional MPC control method.

The third group of experiments changed the control condition
to R = 2R. From Fig. 10, it can be seen that the difference
between the two control methods is not significant, because
the resistance parameters cannot cause a significant decrease in
control performance when the system parameters are adapted.
Usually, when high accuracy is required, scholars usually ignore
it to simplify the model.

C. Comparison of Calculation Time Between the Proposed
Method and Other Methods

To evaluate the feasibility of the real-time constraints of the
proposed method, its computational demand was compared with
that of existing methods. Table II provides a comparison of
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TABLE II
IMPLEMENTATION COMPLEXITY OF FOUR METHODS

FCS-MPC DTC MFPC P;feﬂﬁzzd
Required = p 1L,  RiLsL, R.LaL,
motor None
¥, ect ¥ ¥, ect
parameters
Parameters
to be K, K; None a, Wy A,B
designed
Computing
time 32.7 us 38.5ps 34.2 ps 344 ps
A
— Conventional MDC
- — Droposed MDC
o EN 10F
5 =
>
Se
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2€00 2000 3200 3000
Speed[rpm]

Fig. 11. Comparison between the proposed method and traditional MPC
method in terms of switching frequency.

implementation complexity against three alternative ap-
proaches. It is evident that, in terms of computational time,
the proposed method exhibits a slight increase compared to
conventional FCS-MPC, DTC, and MFPC, primarily due to the
additional time required for screening candidate voltage vectors
as opposed to merely enumerating basic voltage vectors. For
MFPC, the proposed method requires fewer control parameters,
significantly reducing the computational burden. Considering
the enhanced robustness to parameter variations and the re-
duced torque ripple offered by the proposed method, it can
be concluded that, overall, the proposed method outperforms
the other three methods in comprehensive performance metrics.
The increased computational time is justified by the improved
system robustness and control quality, indicating that the pro-
posed method strikes a favorable balance between computational
efficiency and control effectiveness.

D. Comparative Performance Investigation

In the following control experiments, this article measured
the switching frequency of these two control methods at rated
load and different speeds. The conclusion drawn from Fig. 11 is
that the switching frequency of the proposed control method is
slightly higher than that of the traditional MPC control method.

The reason for this deviation is simple. In the process of
selecting candidate voltage vectors, the control cycle is artifi-
cially divided into three equal parts, which inevitably leads to
an increase in the number of switch states. It is encouraging
that in subsequent control experiments, the sampling frequency
was reduced to the level of traditional MPC control methods,
and the control method proposed in this article has smaller
current ripple compared to the former. The experimental results
obtained are shown in Fig. 12, which includes an additional set
of experiments on control methods based on parameter adaptive
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laws. The control method based on parameter adaptation and the
proposed method have higher accuracy in predicting inductance
parameters, therefore both have better power quality. Itis evident
that traditional MPC control methods are more sensitive to
parameter mismatches.

From the acceleration experiment graph in Fig. 13, it can be
seen that the motor accelerates from static to 3500 r/min without
parameter mismatch. The waveforms of its speed, torque, and
three-phase current are shown in the figure. The torque shown
in Fig. 13 is obtained from the external according to the torque
sensor. Due to the 100:1 speed ratio of FI-PMSM, the externally
measured torque is 100 N-m, and the internal motor body has
a rated torque of 1 N-m. The speed curve is directly obtained
through RTU-BOX internal monitoring, and observed from the
outside, with a speed of 35 r/min. It is encouraging that the
waveform of the transient speed of the motor is very smooth,
and the control method proposed in this article also has smaller
torque fluctuations and better current quality. In the practical
application scenario of FJ-PMSM, the transient velocity wave-
form of the rotational speed is smooth, representing the stability
of the robot arm under working conditions, and its vibration is
small. Therefore, it is very meaningful for the development of
subsequent research.

V. CONCLUSION

This article proposes a new method for optimizing the ro-
bustness of model predictive control based on the Lyapunov
function as a cost function for stability. This method constructs
a novel cost function to enhance the tracking and robustness of
the control system. Has shown strong anti-interference ability in
experiments. In addition, the addition of reference voltage vec-
tors enables the model to have better trajectory tracking ability
and lower switching frequency, proving its effectiveness. The
experimental results show that this method has good control



YANG et al.: MODEL PREDICTIVE CONTROL OF ROBOT FLEXIBLE JOINT MOTOR BASED ON LYAPUNOV PREDICTION MODEL

stability. Future research will expand to improve the disturbance
rejection capability and dynamic parameter identification of
multidegree of freedom flexible joint robotic arms.
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