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Predictive Position Synchronization Control of Dual
Permanent Magnet Synchronous Motor System
Based on Geometric Constraints

Xiuyun Zhang *?, Zhiwei Sun"”, Jianyu Chen

Abstract—Model predictive control (MPC) mitigates syn-
chronous error accumulation, dynamic response mismatch, and
precision-complexity tradeoff in traditional multimotor system.
However, constrained numerical solutions in MPC present signifi-
cant computational challenges. To address this, this article proposes
a predictive position synchronization control strategy based on
geometric constraints for dual permanent magnet synchronous
motor (PMSM) system. First, an incremental MPC framework is
constructed, whose embedded integral action not only effectively
compensates for short control horizons but also enables high-
precision multistep prediction. Second, a cost function incorpo-
rating tracking error, synchronous error and control increment is
established to derive the current control increment. To reduce com-
putational complexity, a constrained geometric mapping method
is proposed: with control horizon N, = 1, current and voltage
constraints are mapped to a 2D plane to form a feasible region,
converting the optimal control increment solution into determin-
ing the tangent point between the cost function’s elliptic surface
family and this feasible region. Rapidly localizing the tangent via
real-time query and calculation of analytical solutions significantly
reduces online computational load. Experimental results show the
proposed strategy can improve computational efficiency by approx-
imately 47 % and dynamic response speed by approximately 57 %
versus traditional quadratic programming (QP) strategy, resolving
the precision-complexity tradeoff in multimotor synchronization
while ensuring accuracy.

Index Terms—Continuous control set model predictive control
(MPC), geometric constraints, multimotor control, permanent
magnet synchronous motor (PMSM).
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1. INTRODUCTION

IGH-PRECISION equipment manufacturing imposes
H stringent requirements on the position synchronization
control of dual permanent magnet synchronous motor (PMSM)
system [1]. However, the inherent high-order, multivariable,
and strong coupling characteristics cause synchronous error
accumulation and dynamic response mismatch—bottlenecks in
high-precision fields like robotics, etc. Moreover, the traditional
methods face a precision-complexity tradeoff [2]. Therefore,
how to break through the bottleneck, coordinately optimize dy-
namic performance and synchronization accuracy, while reduc-
ing algorithm complexity and computational load, has become
a core issue in this field.

A. State of the Art

Multimotor synchronization control method mainly focuses
on two aspects: synchronous error compensation control and
synchronous error direct control, as shown in Fig. 1.

Synchronous error compensation control refers to the mul-
timotor synchronization structure incorporating single-motor
control algorithms. Uncoupled structures (such as master-slave
control (MSC) [3], parallel control (PC) [4]) exhibit weak fault
tolerance, limited synchronization accuracy, and inability to bal-
ance “high precision” and “low complexity.” Coupled structures
(such as cross-coupled control (CCC) [5], deviation-coupled
control (DCC) [6], virtual main axis control (VMAC) [7],
adjacent-coupled control (ACC) [8]) enhance synchronization
accuracy and dynamic error sup-pression through bidirectional
interaction between motors. However, their accuracy improve-
ment is limited by relying solely on structural enhancements.
Therefore, researchers combine advanced algorithms, such as
fuzzy control (FC) [9], neural network control (NNC) [10],
and sliding mode control (SMC) [11] with the synchronization
structure to optimize dual-motor performance, such as the com-
bination of second-order active disturbance rejection control
(ADRC) and CCC [12], and adaptive control (AC) and CCC
[13]. However, the existing schemes have key limitations: First,
they insufficiently account for the details of multimotor strong
coupling models, resulting in strong coupling in control loops
and a sharp rise in parameter tuning dimensions, making the
algorithm difficult to simplify. Second, the separate “single-
motor optimization + synchronization structure compensation”
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Fig. 1. Research focus of multimotor synchronization control.

design is a post-compensation mechanism. It has inherent lag,
restricts performance improvement, and cannot balance the core
requirement of “high precision” and “low complexity”.

Therefore, researchers propose an integrated position syn-
chronization control algorithm, the core of which is to aban-
don the separate mode and directly incorporate synchronous
error into the multimotor control objectives (synchronous error
direct control). This method overcomes traditional limitations,
for example, the methods in [14] and [15] achieved integrated
synchronous contour control via a global task coordinate system
and adaptive robust control, integrating inter-axis coordination
and redundant actuator synchronization to overcome inherent
lag. Yet, such integrated methods still have drawbacks: First,
they lack dynamic prediction capability and fail to pre-suppress
disturbances’ impact on synchronization accuracy. Second, their
computational amount increases exponentially with motor num-
ber, complicating engineering implementation and hindering
real-time control requirements.

MPC, with its ability to predict synchronous error in advance,
multivariable synchronization optimization characteristics, and
advantages of rolling horizon dynamic adjustment, shows sig-
nificant potential beyond traditional methods in multimotor
synchronization control: Its predictive mechanism avoids the in-
herent lag of post-compensation; its multivariable coordination
naturally suits multimotor systems’ strong coupling characteris-
tics; its rolling optimization dynamically handles requirements
in complex conditions. Related explorations have preliminar-
ily verified their effectiveness. For example, Zhang et al. [16]
modeled multiple motors based on a multi-input multioutput
structure, obtaining the optimal output by solving the cost
function or selecting the optimal voltage vector to accelerate
error convergence. Building on this, Niu et al. [17] proposed a
collaborative predictive position control method, achieving mul-
tivariable optimization covering acceleration, constant speed,
deceleration, and position approach stages. To address coupling
characteristics of nonlinear systems, Zhou et al.[18] constructed
a dual-axis nonlinear MPC framework that dynamically tracks
and compensates for contour error via an axial coordination
mechanism, while introducing a cost function to balance high
tracking accuracy and the need to meet control quantity con-
straints. These methods not only realize predictive control of
synchronous error, but also achieve optimal control through
unified modeling.
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However, MPC algorithms still have certain technical limita-
tions, mainly reflected in the following aspects: For constrained
optimal control problems, online solving faces significant
computational challenges. In multimotor scenarios, as the num-
ber of motors increases, the number of constraints also grows,
making this problem more prominent. How to construct an
engineering-friendly constraint handling strategy while ensuring
real-time performance remains a technical bottleneck to be
broken through. In finite control set MPC (FCS-MPC) [19], input
constraints mainly come from two aspects. First, the fixed ampli-
tude and direction of optional voltage vectors can directly limit
the optional input voltage range in the optimization process [20].
Second, input voltage constraints can be designed as objective
function terms (e.g., current limiting [21]) and integrated into
the cost function to achieve direct constraints on state variables.
Although such constraint integration is relatively simple in solu-
tion, FCS-MPC'’s inadequate steady-state performance hinders
its wide application in position synchronization control.

In contrast, continuous control set MPC (CCS-MPC) is more
suitable for high-precision synchronization control due to its
continuous voltage output characteristics [22]. Its core advan-
tage lies in multivariable rolling horizon prediction capability—it
constructs a high-precision dynamic model to predict the fu-
ture state of the system and dynamically optimizes the control
sequence to achieve global optimization of trajectory track-
ing and resource allocation [23]. From the perspective of the
mathematical characteristics of algorithm design, unconstrained
optimization problems are usually easy to obtain explicit optimal
solutions. However, for constrained CCS-MPC, its cost function
generally adopts a quadratic programming (QP) framework. It
constructs strictly convex optimization problems by introducing
linear or quadratic constraints. This method’s evolution follows a
clear iterative optimization trajectory: The active set method first
enabled engineering solutions to QP problems. By iteratively
identifying ‘active constraints’ to simplify problem dimensions,
it is extremely sensitive to constraint count: more system con-
straints cause frequent active set updates, sharply reducing
iteration efficiency—a notable drawback in complex dynamic
scenarios [24]. To address its limitations in handling large-scale
constraints, the interior point method was proposed. Its innova-
tion is introducing a logarithmic barrier function to shift opti-
mization from constraint boundaries to the feasible region’s in-
terior, significantly improving numerical stability and adapting
better to large-scale constraints than the active set method, thus
alleviating the efficiency bottleneck in multiconstraint scenarios
[25]. Subsequent Karush—Kuhn—-Tucker-based strategies further
integrate modern optimization theory, constructing Lagrangian
functions to convert inequality constraints into complementary
slackness conditions and theoretically simplifying complex con-
straint processing logic [26]. Although QP problems under linear
constraints have theoretically efficient solution paths, they still
essentially rely on the scale of constraints. When motor num-
ber increases, the number of constraints rises accordingly, the
aforementioned iterative numerical methods still cannot avoid
the dilemma of exponentially increasing computational com-
plexity. The resulting massive computational burden not only
imposes strict requirements on the hardware computing power



ZHANG et al.: PREDICTIVE POSITION SYNCHRONIZATION CONTROL OF DUAL PERMANENT MAGNET SYNCHRONOUS MOTOR SYSTEM

of real-time control systems, but also poses severe challenges to
the robustness of algorithms in high-dynamic scenarios.

B. Contribution of This Article

Based on the above analysis, the research focus of this article
is primarily on providing a lightweight solution method for
real-time dual-motor control scenarios. This article proposes a
geometrically constrained predictive position synchronization
control strategy for dual PMSM system. More precisely, the
contribution includes these key elements.

1) To address the issues of synchronous error accumulation
and dynamic response mismatch caused by strong cou-
pling in multimotor system, an incremental MPC frame-
work is constructed. Leveraging its built-in integral action
to compensate for the limitations of short control horizons,
this framework enables high-precision multistep predic-
tion of position and velocity. Moreover, current control
increment is solved by a cost function incorporating track-
ing error, synchronous error.

2) To address high computational complexity and slow con-
vergence, an innovative constraint geometric mapping
method is proposed: When the control horizon is N, =
1, the x- and y-motor current constraints are represented
as rectangular regions in a plane, with Aig(k), Aigy(k)
as horizontal and vertical coordinates, respectively. The
cost function is then regarded as a family of equivariant
surfaces. At this point, the solution of the optimal control
increment is transformed into a problem of determining
the tangent point between the family of cost function
elliptic surfaces and the feasible region.

3) By calculating the tangency points between the elliptical
surface and the constrained feasible region, and summa-
rizing them in tabular form, the optimal output solution
is then obtained through real-time query and calculation
of analytical solutions. The computation time is reduced
by approximately 47% compared with the traditional QP
algorithm.

II. MATHEMATICAL MODELING OF DUAL PMSM SYSTEM

In this article, the surface-mounted PMSM is selected, and
the motion equation is
{Jidfti:Ktiiqi —TLi — Biw; )
where J, is rotational inertia; K, is torque coefficient of PMSM,
and K¢; = 1.5p;1 g i4; 1S g-axis current; Tr; is load torque; B;
is frictional coefficient; w; is mechanical angular speed; and 6;
is rotor angle position; where i = x, y, x, and y represent x and y
motors, respectively.

Discretizing (1) yields

) TsKiiig,(k Tr;
wilk +1) = (1 — LBy (k) + == w =7 2)
0:i(k +1) = Ty - wi(k) + 0:(k)

where T represents the control period.

3401
Let x; = [;ﬂ , Y, = 0;, it can be obtained
wilk+1)] _[1—2Z= 0] [wilk)
0;(k+1) | | T, 1| |0:(k)
TsKti _TSTL’i (3)
+{ 61‘ }z‘qi(k)j{ 61’ }
Rearrange (3) as
yi(k) = c;xi (k)

1- LB ¢ T Ky  T.Trs
where,a; = { T Ji J b, = { Ji } e = [ T; ] ,

At this point, the influence of parametric uncertainties is not
taken into account. To incorporate the effects of parametric
uncertainties, the equivalent inertia and friction coefficient are
defined as follows: Jeqs = Ji+AJi, Beqi = Bi+ABj, Yjeqi =
Yei+Avy;, where AJj, AB;, and Ay, represent the uncertain-
ties in inertia, friction coefficient, and flux linkage, respectively.

Disturbances induced by AJ;, AB;, and Avy; are modeled
as constant or slowly time-varying disturbances that incorporate
parametric variations. Coupled with load disturbance effects,
they are denoted as j;%. Hence, the state equations can be
expressed as

{f'?i(k +1) = ajz;i(k) + biig(k) + pf
Yi(k) = cizi(k) '
Since the system’s equivalent inertia J¢q;, equivalent friction
coefficient Bey;, and flux linkage 1 f.q; are difficult to measure
directly, the constant and slowly time-varying disturbance terms
i in (5) are usually not directly obtainable. It would lead to
an increase in the prediction error of the predictive model when
ignoring these disturbance terms during the prediction process.
To address the problem, the method is embedding an integral
term in the predictive model. Replace k with k—1, the following
can be obtained as
a:l(k‘) = alacl(k: — 1) + bllql(k? — 1) + /J,gi
{yi(k_ 1) =cizmi(k - 1) .

Subtracting (5) from (6) yields

+b;(iq; (k) —ig;(k —1)) )
yi(k) —yi(k — 1) = ci(mi(k) — @i(k — 1))

Rearrange (7) as follows:

(&)

(6)

Ay;(k) = c;Ax;(k)
where Ax;(k+1) =z (k+ 1) —x;(k), Az, (k) = x;(k) —
CL‘Z(]C — 1),

Ay;(k) = y;(k) —y;(k—1)

By introducing the incremental model, that is, embedding an
integral term, the unknown constant and slowly time-varying
disturbances can be suppressed. This means that when there are
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minor modeling errors, the closed loop system exhibits a certain
degree of robustness.

By defining x,; = [Ax;7 (k) vi"(0)]T = [Aw; Ab; 6,17, the
mathematical model of the modified motor is

{wmi(k +1) = Aizmi(k) + Biigi(k) )
Ymi(k) = Cizpi(k)
where

Ai= [Ciai I } B.= |:cibi:|’ Ci=[0 0 1],
c;a; = [Ts 1], Cibi = 0.

So the model of dual motor system is

X(k+1) = AX(k)+ B Au(k)
{Y(k +1)=C'X (k)

X (k) =[], (k) T, (k)"

Y (K) = Yo (k) Yy (k)] (10)
where
ool a) w5 8] ee[ e

Equation (10) represents the model of the dual-motor system.
Moreover, this algorithm can be readily extended to multimotor
system by simply expanding the dimensions of the matrices A’,
B’, C’ accordingly.

To enhance the system dynamic performance, MPC is adopted
to predict the system output over multiple steps. By setting the
controlling domain as N, and the predicting domain as N, (N,
< N,), itis possible to obtain

Y' =[Y(k+1) Y(k+2) Y (k+ N,)]"
AL, = [Au(k) Au(k+1) Au(k+ N, - 1)]".
(11)
Based on (11), it is possible to obtain
Y' = FX(k)+ GAi, (12)
where
F — [C/Al C/A/2 C/A/NP}T
C'B’ 0 . 0

C'A'B C'B’ e 0

G:

C/A/J\}ple/ C/A/I\‘/p72B/ C/A/N;,chB/

III. PROPOSED CONTROL STRUCTURE

A. Cost Function

To improve the system synchronization control accuracy, the
position synchronous error is incorporated into the cost function.
Tracking error e; refers to the deviation, at any given instant,
between the commanded position ;" and the actual position
0, of a single motor (where i = x or y), expressed as e; =
0,;*—6;. This error quantifies the motor’s precision in following
the commanded trajectory. Synchronous error € refers to the
difference, at the same instant, between the actual positions
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0, and 0, of the two motors, expressed as ¢ = ¢,—0,. This
error directly measures the precision of synchronization motion
between the two motors. Therefore, the cost function is selected
as

J=(R-Y")'L"Q,L(R-Y")+(R-Y")"Q,(R-Y")

+Ai, " Q,Ad, (13)
Li Ly 0O v v v oo 0
0 0 Ly Ly «++ -+ -+ 0
where, L= . .
0 0 0 0 -+ - Ly Lo NN

0., O, are the coefficient matrixes of synchronous error and
tracking error respectively, @, is the coefficient matrix of control
increment.

R=1[0(k+1) 0;(k+1) 05(k+2) 9;;(k+2)-.-]T
chkc'IprNp7

Qa = [dlag[k‘gl, kaL T diag[kem kG?J]]szszp

Q. = kulan.<2N,-

where k., kg, k¢, and k, represent the weight coefficients
for synchronous error, x-motor tracking error, y-motor track-
ing error, and the control increment, respectively. When k.
increases, the synchronous error term plays a relatively stronger
role than the tracking error term. This reduces synchronous
error and accelerates dynamic response speed, but an exces-
sively large k. may lead to degraded tracking performance due
to over-emphasis on synchronization performance, along with
increased speed oscillation and current ripple. Conversely, the
synchronous error term plays a relatively weaker role than the
tracking error term. When it is extended to multimotor system,
the matrices Q., Qq, and @, also need to be expanded in terms
of their dimensions accordingly.

Substituting the prediction equation and solving for the con-
trol variables, set %Jiq = 0, it is possible to obtain as

Aiy = [GTLTQ.LG + GTQ,G+Q,] GT[L"Q.L
+ Q.- [R-FX(k)]. (14)
The control amount predicted by the model at the current time
is
tq(k) = Aiy" (k) +i4(k —1). (15)

B. Constraint Condition

In practical PMSM systems, constrained by the rated output
current as well as the maximum voltage and current limits of
the motor itself, the stator current and voltage of the PMSM
must satisfy the following constraints (taking the x-motor as an
example)

P2 (k+1) =3, (k+ 1) +i2,(k+1) <iln (16)
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1 2

bt D4+ D) S B = (200) )
where i4,(k-+1), i4,(k-+1) is the predicted d and g-axes currents
at moment k+1, iax, 1S the maximum current, ug.(k+1),
g, (k+1) are the d and g-axes voltages at moment k+1, Ugc
is the dc-side voltage.

To determine the current limiting values for PMSM operation
at different speeds, the calculations are typically performed
separately for speeds both above and below the base speed,
according to [16].

1) When the motor speed w, is less than the base speed

Whasex, the motor operating state is limited only by #;,x4.
At this point, the limit value of i 1S igzmax1 = imaxa.

2) When the motor speed w,, is greater than the base speed
Whasex» at this time, the motor operating state is limited
bY imaxx and umaxx together. For the surface-mounted
PMSM, Lg, = Lg, the corresponding d- and g-axes cur-
rents can be determined as

id 9= \/(umaxm/"-’m)2*(quiqm)2*¢f’$
rmax2 —
Lz (18)
) =/t — i
qrmax2 — max x dxrmax2

Therefore, the limits of i, at different speeds of the PMSM,
represented by icon 4, are synthesised by combining 7 g;max1 and

Lgzmax?2

{iconx = iqw max1 Wwhen w, < Weaser (19)

Leons = iqx max2 When wy > wpasey,
Therefore, the limiting range of Ai (k) is determined as

AZ.,min S Aqu(k) S Ai,max
—(lconz — tge(k — 1)) .

-/

Ai min —
. . .

Ai max — lconz — an:(k - ]-)

(20)

Similarly, the limits of i, at different speeds of the PMSM
are represented by icony, and the limiting range of Aig, (k) is

Aimin S Alqy(k) S Aimax

Aimin = —(lcony — tqy(k — 1)) .
Aimax = icony - iqy(k - 1)

21

C. Optimization Problem Analysis

By substituting (12) into the expression of the cost function
J in (13) and combining the solution of the constrained convex
optimization problem, the convex optimization model can be
represented as

J=Ai,"(G'L"Q LG + G"Q,G + Q,)Ai,
—2Ai,"GT(LTQ.L +Q,)(R— FX(k)) +c

st. MAZ, <~ 22)

c=(R-FX(k)"(L"Q.L+Q,) (R~ FX(k))
1 0 icona — iga(k — 1)
-1 0 | —(icone — ige(k — 1))
where M= 1000 1 YT | gy — gy (k — 1)
0 -1 _(icony - iqy(k - 1))

3403

The aforementioned equation can be regarded as a convex
optimization problem with constraints or as a linear quadratic
programming problem. Herein, c is a constant whose presence or
absence does not affect the computation of the system’s optimal
solution. For constrained quadratic programming problems, the
existing solutions involve high computational effort and code
complexity, hindering embedded algorithm implementation. To
address optimization and prediction-related computational bur-
dens, this article proposes a rapid convex optimization solution
via geometric characteristic analysis. Specifically, it first ana-
lyzes the geometric distributions of the cost function, system
constraints, and constrained solution characteristics in the prob-
lem, then designs a corresponding simplified strategy.

According to [27], (20) can be represented as a family of
level surfaces in the optimization space Ai, € R". In general,
the control law exists and is unique; therefore, the real-time op-
timization problem of the constrained predictive control system
can be expressed in the following form:

min Ai,” (GTLTQ.LG + G"Q,G + Q,)Ai,

—2Ai,"GT(L'Q.L +Q,)(R— FX(k)) +c

s.t. A7;/Inin S Aqu (k) S Ai/maxa AZ.Inin S Azqy (k) S Aimax
(23)

From the aforementioned equation, it can be observed that the
equivalent optimization model remains a convex optimization
problem that satisfies linear boundary conditions, or in other
words, a quadratic programming problem with constraints. Set

GTLT LG GT G ) é |:gll + )Vl gi12 :|
QLG +G Q.G+ Q, 921 922 + Ao
-2G"(L"Q.L +Q,)(R~FX(k)) = Lﬂ : (24)
2

It can be seen that (G'L'Q .LG+G'Q,G+Q,) is always
positive definite, so the family of level surfaces is as

Aiql T giit+i1 912 A’an . Aqu T by B
Ady, 921 gaatAa| [Atgy| |Algy| |b2

=(g11 +)‘1)Ai§m+(922 +)\'2)Ai§y+(912 + 921) At g Adyy .

min {

by Ay + byAig, + ¢

st A7 in < Aiga (k) < A max, Aimin < Adgy (k) < Aimax
(25)

The aforementioned isometric surfaces constitute a family of
elliptic curves, which form a cluster of elliptic curves with the
same center, eccentricity, and inclination in the Aig,-Aiy, co-
ordinate plane. The distribution of J with the same cost function
value lies on the same ellipse. The center of the ellipse, denoted
as o7 in the Aig,-Aiy, plane, corresponds to the unconstrained
global optimal solution Ai,.

When N. is greater than 1, the dimension of GTLTQCLG +
GTQ,G + Q, becomes 2N x2N., and the dimension of
GTI[L"Q.L+Q,]- |[R— FX(k)]is2N.x 1. So, the decision
space expands to 2N, dimensions, and the geometric constraint
conditions change from a simple circle to the intersection
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of high-dimensional ellipsoids. At this point, the spatial geo-
metric relationship becomes extremely complex. Theoretically
speaking, this requires an expansion of the spatial geometric
analysis method.

Moreover, increasing N, entails scaling up the dimension
of the optimization problem by N, times. This will lead to
a substantial rise in computational load, while the marginal
gain it offers for performance enhancement is rather limited.
In each control cycle, MPC only implements the first control
action at the current instant not the entire prediction sequence,
which is also validated in the study [28]: “Experiments indicate
that the discrepancy in system output is nearly negligible when
comparing the consideration of constraints for the discarded
portion with the sole consideration of AU(k) constraints.” Given
these considerations, the control horizon in this article is set to
N. = 1. However, the prediction horizon N, remains larger than
1, which not only retains the predictive ability but also maintains
a relatively extended prediction range.

The feasible region is two polygons and their interiors. Fig. 2
illustrates the geometric distribution of the system constraints
in (25) within the Aig.-Aig, coordinate plane. Therefore, the
essence of the optimization problem is to determine when the
family of elliptical curves is tangent to the feasible region.

The primary scenarios can be categorized as follows.

Case 1:If Ai,* islocated inside the rectangle, it is the optimal
solution.

Case 2: If Ai,* falls outside the rectangle, the optimal so-
lution lies on the boundary of the rectangle. The solution is
determined based on the specific boundary segment, as shown
in Fig. 2, which divides the scenario into three cases.

1) When it is tangent to AB, the tangent point is solved as

Ma(k) = 2(g11 + 1) (A (k) — Al (B))
+ 921 (Digy (k) — Adg, ()
+ g12 (DNigy (k) — Aiz, (k) = 0. (26)
Therefore,

(AZZy(k) - Ai]max) )

{Az’qw(k) = At (k) 4+ -2 o

) ) gi1t+i1
AZqy (k) = A'Lmax
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TABLE I
CONSTRAINT VALUES FOR REGION I AND REGION I’

Region 1 r
Aigy 27 27)
Aigy Aiax Aiin

If the tangent point is on AB, just A’ yin <AG (k) <A ax
needs to be satisfied, so

. g .
Ail (k) + —2— Al (k)

— Al
g1+r Y

9

. 12 .
S AZ/max + mAZmax

. 912 .
Al ——=— A7
iz (k) + P iy (F)

v 912 .
2 Al min + gll + A.l AZIIla.X'

When the equal sign is true, the above equations are straight
lines with slope k1 = —91;%)\1 through AB.

Therefore, when Ai,* lies in the region I, the optimal solution
is the tangent point.

Similarly, the region I’ can be solved, and the optimal solution
is the tangent point on CD, namely Aig, (k) = Aipin in (27).

Therefore, in the first case, the corresponding constraint val-
ues for regions [ and I” are given in Table I.

1) When it is tangent to AD, the tangent point is solved as

GAZT,(IG) = 2(g22 + A2)(Adgy (k) — Ai (k)

+ g12(Qige (k) — Aigy (K))

(28)

g1 (Nigg () — Aify () = 0. (29)
Therefore,
Aigy(k) = AiZy(k) + gQZi-lAQ (Ai:;x (k) — Ai'max) (30)
Nigy (k) = A pax :

If the tangent point is on AD, just Aipin <Aigy(k)<Aimax
needs to be satisfied, so

A (k) +

Loy

921 .
— A (k
goo +As ¢ (k)

. 921
< A3 + —== A
— max 922 +)\‘2

. 921 .
A (k) + ——A (k
fay (k) go2 + Ag (k)

Z AZ'min + QL

-/
1 max

€1y

When the equal sign is true, the above equations are straight
lines with slope ks = —92;%“ through AD.

Therefore, when Ai;* lies in the region I1, the optimal solution
is the tangent point.

Similarly, the region II’ can be solved, and the optimal solution
is the tangent point on BC, namely Aig,(k) = Ai’ iy in (30).

Therefore, in the second case, the corresponding constraint
values for regions II and II’ are given in Table II.
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TABLE II
CONSTRAINT VALUES FOR REGION II AND REGION II’

Region I 1
Aiqx Ai’max Ai’mm
Ay (30) (30)

TABLE III

CONSTRAINT VALUES FOR THE FOUR ANGULAR REGIONS

Region I mur mr" o
Aiqx Ai ’max Ai ’min Ai ,min Ai ,max
Aiq}v Aimax Aimax Aimin Aimin
______________________________ ~
I O(k)
Unified L
| AO(k) modeling of Region

dual PMSMs S
Eq. (10) e

i | ol

lX(/\')

Multi-step prediction Eq. (12) |
Geometric constraints
(Analytical solution query

|

|

|

|

I '

| VY

| X .f\ian) 1, 11, 111)
| [ Cost function Eq. (13)

\

; ———T —————————————————————————— :
i : a

| 3] 1 (k) Ouk) :
| ;

- abc

' (k igx (k) Y= 'J‘“"@ 3 |
P& s > . o |
(|| el svPWM {» 7 7] |

| predictive e ,Q;,_.-., Lt 3
| position + m VSIx PMSMx :
| synchroni- 3 |

zation % q 2 2

Io(k) wiirol l(,)(-l\) e (k) 6(k) |
IL-> iy (DY~ [k |
- »{ PI g |

+ . T 4
I 1§ SVPWM o § (¢) I
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| |
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Vs e e s s s s s s s s e ——— ————————— ——— ——

Fig. 3. Block diagram of predictive position synchronization control of dual
PMSM system.

Four corner regions: In the plane defined by Aig,(k) and
Aig,(k), there are four corner regions. It is evident that when
Ai," is situated within this region, the corner points of the
rectangle represent the optimal solutions

Region ITII — A
RegionIIl' — B
Region 11" — C -~
Region 111" — D

(32)

Similarly, the constraint values associated with the four corner
regions in the third case are given in Table III.

IV. OVERALL STRUCTURE OF THE CONTROL SYSTEM

The structural diagram depicting the predictive position syn-
chronization control of dual PMSM system based on geometric
constraints is illustrated in Fig. 3. Initially, the unconstrained
optimal solution for direct predictive position synchronization
control is determined via unified modeling of dual motors,

3405
Find the optimal solution under
unconstrained conditions
A u* inside
he rectangle
Is A u* in region
I 1?7
Calculate the tangent point
between the ellipse family
and the boundary, Eq. (27) Calculate
Calculate the tangent point %he
. . vertices of
between the ellipse family the
h Eq.
and the boundary, Eq. (30) boundary

Output the optimal solution under the |
constraint condition

Output the reference currents for the g-axis, iqand
fay.

End

Fig. 4.  Algorithm flow chart.

multistep prediction, and resolution of the cost function. Fol-
lowing this, the scenario where N, = 1 is examined, wherein
the current constraints for the x-motor and y-motor are rep-
resented as rectangular regions in the plane, with Aig(k),
Aigy(k) on horizontal, vertical axis. Within the optimization
space, the constrained problem is transformed into a geometric
one: identifying tangency points between a family of ellipses
and the constraint-defined feasible region. This then requires
identifying the position of the control increment within the
geometrically constrained region, and the optimal solution under
the constraints is obtained by real time query and calculation of
analytical solutions. Finally, the control currents necessary for
driving the dual PMSMs can be obtained.

The algorithmic implementation flowchart is illustrated in
Fig. 4.

Step 1: Formulate the dual PMSM system mathematical model
and determine the optimal solution under unconstrained con-
ditions by solving the selected cost function.

Step 2: Based on the current and voltage constraints that the
PMSMs must adhere to, calculate the saturation limits of the
g-axis currents for both motors. For N, = 1, represent the
x-motor and y-motor current constraints as rectangular regions
in a plane, with Aig,(k), Ai g, (k) on the horizontal and vertical
axes, respectively. Then assess whether the center o of the
concentric ellipses (representing the unconstrained optimal
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Fig. 5. Experimental platform.
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Fig. 6. Result diagram of triangular wave motion trajectory.

solution) lies within the constraint-defined feasible domain.
If it does, the solution can be output directly.

Step 3: Determine whether the center o is within regions [and I.
If so, calculate the point of tangency using (27). Otherwise,
determine whether the center o is within regions II and IT".
If so, calculate the point of tangency using (30). Otherwise,
compute the vertices of the boundary.

Step 4: By combining the solved tangency points and vertices,
the optimal solution under the constraints is output, and
ultimately, the reference currents i, and i4, of the two motors
on the g-axis are obtained.

V. EXPERIMENTAL STUDIES
A. Experiment System

To validate the control performance of the proposed pre-
dictive position synchronization control for the dual PMSM
system based on geometric constraints, an experimental plat-
form as depicted in Fig. 5 is constructed. The main control DSP
chip adopts the TI floating-point processor TMS320F28379D.
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Fig. 7. Result diagram of sine wave trajectory tracking.

TABLE IV
PARAMETERS OF DUAL PMSMSs

MOTOR PMSM, PMSM,
Us/V 24 24
Py/kW 0.13 0.13

RIQ 0.345 0.345
L/mH 0.3665 03665
4 4
np/(t/min) 3000 3000
Tw/N-m) 042 0.42
J(kg m?) 0.000001 0.000001
B/(N-ms) 0.0001 0.0001
,/(Wb) 0.0091521 0.0091521

TMS320F28379D is a highly functional 32-bit floating-point
microcontroller unit with an operating main frequency of
200 MHz. It enjoys the merits of high control accuracy and
low power consumption, and the control period is 100 us. The
parameters of dual PMSMs are shown in Table IV.

In the verification experiment, the control effect of the pro-
posed method is mainly evaluated by dynamic performance and
steady-state performance. Dynamic performance is mainly char-
acterized by maximum tracking error, maximum synchronous
error, and dynamic response time. Steady-state performance is
mainly characterized by steady-state tracking error and syn-
chronous error.

Among them, the maximum dynamic error is

Omax — m}?X(lO’(k‘)D (33)
where o(k) represents e,(k), e,(k) and e(k). ey(k), ey(k), and
€(k) are respectively the x-motor tracking error, y-motor tracking
error, and synchronous error at time k7's.

Among them, the average value of the steady-state error is

(34)

Orms =
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where n, is the number of steady-state sampling times.

Dynamic response time () is a key indicator for measuring
the dynamic response speed of a system. Its standard definition
refers to the minimum time required for the response curve to
reach and not exceed the error band of +5% or +2% relative to
the steady-state line of the response curve.

B. Track the Motion Trajectory of a Triangular Wave

In order to evaluate the control performance of the proposed
algorithm in tracking the motion trajectory of a triangular wave,
adual PMSM drive system was configured to follow a piecewise
linear trajectory with amplitudes ranging from -5 rad to 5 rad.
Fig. 6 illustrates the tracking results obtained from the proposed
algorithm, encompassing position, velocity, d—g axes currents,
and tracking errors.

As shown in Fig. 6, the predictive position synchronization
control strategy for the dual PMSM system based on geomet-
ric constraints demonstrates good performance in tracking the

1(s)

1s)
(c) (d)

Control effect diagram when the load changes. (a) Parallel control. (b) Cross-coupled control. (c) QP. (d) Proposed algorithm (k. = 500).

motion trajectory of a triangular wave. Taking the x-motor as
an example, when the x-motor switches between forward and
reverse rotation, the maximum tracking error of the x-motor
is 0.285 rad, indicating a relatively small tracking error. Addi-
tionally, the speed and current of the dual-motor system remain
relatively stable.

C. Track the Motion Trajectory of a Sine Function Curve

In order to validate the control efficacy of the proposed
algorithm in tracking sinusoidal motion trajectories, the dual
PMSM drive system was commanded to follow a sinusoidal
motion trajectory. Fig. 7 illustrates the tracking results obtained
from the proposed algorithm, encompassing position, velocity,
d—q axes currents, and tracking errors.

Asillustrated in Fig. 7, the predictive position synchronization
control strategy for the dual PMSM system based on geometric
constraints exhibits good performance in tracking curved tra-
jectories. Using the x-motor as an example, when the x-motor
switches between forward and reverse rotation, the maximum
tracking error of the x-motor is 0.098 rad, which indicates a
relatively low tracking error. Furthermore, the speed and current
of the dual-motor system also remain relatively stable.

D. Validation Through Loading Tests

In order to validate the control effect of the proposed algorithm
when it is loaded, the dual PMSM is commanded to track
a slanted motion trajectory. This is determined to ascertain
whether the control algorithm is capable of maintaining control
under load. At 1s, a sudden load is applied to the x-motor, while
the y-motor remains unloaded. The comparative experiments
under sudden load are conducted using PC, CCC, QP algo-
rithm, and the proposed control algorithm with synchronous
error coefficients of 500, respectively. The control experiment
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Fig. 10.  Control effect diagrams with different synchronous error coefficients. (a) k. = 0. (b) k. = 50. (¢) k. = 200. (d) k. = 500.
TABLE V steady-state value of synchronous error(¢,,s), and the dynamic
COMPARISON OF TRACKING ERRO;TQZ?ESG;;CHRONOUS ERROR UNDER THREE response time (¢,) for the four different algorithms.
Based on the quantitative analysis results given in Table V, the
Comparison items  PC cce QP Proposed algorithm CCC algorlthm .achleves significant performance improvements
in synchronization accuracy and response speed compared to
Cxmax 0.961 1.182 0.382 0.371 . . .
the PC algorithm, with the synchronous error and dynamic
Eymax 0.651 1.052 0.251 0.346 . .. .
response time optimized to 0.112 rad and 0.303 s, respectively.
mx 0327 0112 0.131 0.058 The significant improvement in performance is mainly due
tiof € 0403 0.303 0.34 0.145 to the addition of coupled control structure. Specifically, by
€rms 0.047  0.018 0.026 0.01 introducing a coupling-based collaborative control mechanism

0.4
—k =0
c
0.3 k=50 |
—— k=200

1.5 2

0 0.5 1
1(s)

Fig. 11.  Synchronous error comparison.

waveforms during load variation are shown in Fig. 8. The blue
solid line represents the response curve of the y-motor, and the
red dashed line represents the response curve of the x-motor.
Fig. 9 shows the comparison of synchronous errors for the four
different algorithms. Table V gives the maximum tracking error
on x-motor (e;max), the maximum tracking error on y-motor
(eymax), the maximum synchronous error (€max), the average

into the system, the dual motors achieve real-time interactive
compensation of state information. This not only effectively
suppresses the cumulative effect of inter-axis motion deviations
but also synchronously enhances dynamic tracking accuracy and
system response efficiency. When QP algorithm is used, the
maximum tracking errors of the x-motor and y-motor using MPC
reach 0.382 and 0.251 rad, respectively, which are significantly
lower than those of PC and CCC. When the proposed algorithm
k. = 500 is used, the maximum synchronous error of MPC is
0.058 rad, and the dynamic response time is 0.145 s, both of
which are superior to other methods. It can be seen from the
above that after the synchronous error coefficient is introduced,
the y-motor will be affected by the loading of the x-motor
and change accordingly, that is, the coupling effect of the two
motors is introduced. Meanwhile, the execution times of the
QP algorithm and the proposed algorithm were measured: the
QP algorithm takes 81.35 us, and the proposed algorithm takes
43.43 ps. In comparison, the proposed algorithm reduces the
time by approximately 47% compared with the QP algorithm,
with a significant reduction in computational load. Therefore,
this proposed control algorithm can reduce the computational
burden.
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E. Experimental Comparison Under Varying Weight
Coefficient Tuning

To validate the control efficacy of the proposed control al-
gorithm under varying synchronous error weight coefficients,
the two PMSMs are commanded to track an inclined motion
trajectory. At Is, a sudden load is applied to the x-motor,
while the y-motor remains unloaded. During the experiment,
the synchronous error coefficients of k. = 0, k. = 50, k. = 200,
and k. = 500 are employed. The control experiment waveforms
during load variation are shown in Fig. 10. The blue solid line
and red dashed line represent the response curves of y-motor
and x-motor respectively. Fig. 11 shows the comparison of syn-
chronous errors for the different synchronous error coefficients.
Table VI summarizes the maximum tracking error on the x-motor
(ezmax), the maximum tracking error on the y-motor (e max), the
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TABLE VI

COMPARISON OF TRACKING ERROR AND SYNCHRONOUS ERROR UNDER
DIFFERENT SYNCHRONOUS ERROR COEFFICIENTS

Comparison items k=0 k=50 k=200 k=500
€xmax 0.409 0.457 0.354 0.371

€ymax 0.041 0.188 0.274 0.346

Emax 0.367 0.269 0.080 0.058

tiof € 0.339 0.329 0.281 0.145
€rms 0.107 0.053 0.016 0.01

maximum synchronous error (€,,,x), the average steady-state
value of synchronous error (¢,,s), and the dynamic response
time (¢,) under different synchronous error weight coefficients.

The research shows that, when k. = 0, without the inclusion
of the synchronous error coefficient, the load on the x-motor
did not affect the y-motor, resulting in poor synchronous error
performance. As k. increased from 0 to 50, the y-motor was
affected by the load on the x-motor, but the change was relatively
small. When the value of k. further increases from 50 to 500,
the influence of the x-motor’s load on the y-motor became
more pronounced, indicating a stronger coupling effect between
the two motors. It can be concluded that as the synchronous
error coefficient increases, the synchronous error is significantly
reduced from the initial 0.367 rad to 0.058 rad, with a decrease
of up to 84.2%; The dynamic response time is remarkably
shortened from 0.399 t0 0.145 s, with a speed-up effect of 63.7%.
However, when k. = 500, the current ripple increases slightly.
Therefore, it can be concluded that increasing k. reduces the
synchronous error and accelerates the dynamic response speed,
but an excessively large k. may lead to phenomena such as
deteriorated system stability.
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F. Robustness Validation Experiments

To validate the control efficacy of the proposed geomet-
ric constraint-based predictive position synchronization control
strategy for a dual PMSM system under parameter variations,
the experiments are conducted where B, J, and 1) are each set to
0.5 and 1.5 times their original values. The experimental results
showing the tracking of a sinusoidal curve motion trajectory by
the dual PMSM system are depicted in Fig. 12.

From Fig. 12, it can be discerned that when B and vy are
respectively altered to 0.5 times and 1.5 times of their orig-
inal magnitudes, the variations in position, velocity, current,
and tracking error of the PMSM tracking a sinusoidal curve
motion trajectory are negligible. Nevertheless, when J is varied
to 0.5 times and 1.5 times of its original value, the tracking
error exhibits a certain degree of alteration, indicating that
parameter J has a certain influence on the system. Overall,
however, the proposed geometric constraint-based predictive
position synchronization control strategy for the dual PMSM
system demonstrates a certain level of parameter robustness.

G. Verification of Geometric Constraints

In order to validate the efficacy of the constraints within the
proposed geometric constraint-based predictive position syn-
chronization control strategy for the dual PMSM system, Fig. 13
illustrates the current limiting effect on the incremental g-axis
current during the startup and loading phases of the x-motor.
This analysis provides insights into how the control strategy
manages current increments, thereby ensuring stable operation
and performance under varying conditions.

From Fig. 13, it can be observed that when the x-motor starts,
the g-axis current experiences an instantaneous increase. The
maximum and minimum current limits act simultaneously on
the incremental g-axis current at the moment of motor startup,
forming effective constraint boundaries that prevent overcurrent
phenomena. Additionally, when a sudden load is applied to the
x-motor at4.78 s, the maximum and minimum current limits also
act concurrently on the incremental g-axis current, establishing
effective constraint boundaries.

VI. CONCLUSION

The predictive position synchronization control of dual
PMSM system based on geometric constraints proposed in this
article has the following advantages.

1) This article adopts the incremental CCS-MPC method
to realize multistep prediction. Utilizing its built-in in-
tegral action to compensate for the limitation of short
control horizons. By calculating the partial derivatives of
the established cost function, the unconstrained control
increment is obtained, thereby improving the dynamic
performance and synchronization control accuracy of the
dual-motor system.

2) By solving the geometric constraints, the position of the
control increment within the geometric constraint region
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is first determined. Then, the optimal solution under con-
strained conditions is obtained through real-time query
and calculation of analytical solutions, yielding the con-
trol currents for driving the dual PMSMs. This approach
effectively reduces the computational load during the so-
lution of quadratic programming algorithms, accelerates
the system’s convergence speed, and addresses real-time
optimization challenges.

3) The control strategy is primarily on providing a
lightweight solution method for real-time dual-motor con-
trol scenarios. Meanwhile, the experimental verification
shows that compared to the traditional QP algorithm, the
proposed strategy improves computational efficiency by
approximately 47% and dynamic response speed by about
57% while ensuring synchronization control accuracy.
It can effectively solve the tradeoff dilemma between
accuracy and computational complexity in multimotor
synchronization control.
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