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Abstract: This work examines a newly introduced five-phase drive system with two motors
and stator windings connected in series. Using a widely recognized phase transposition in
the series chain, it is shown how a single five-phase SVPWM inverter can power a two
series-connected five-phase machine drive with decoupled torque and flux control.

The exceeded generated current is among the many important problems: quick, with
significant change in step of the speed control of a single inverter-supplied both 5-phase
synchronous drive machines connected in series. Consequently, if the speed controller
lacks output amplitude limitation, it may cause damage to the motor itself as well as the
power electronics converter. This study's goal is to solve saturating speed controller issue.
First, a speed control loops and both internal current loops are the two applications for
controllers that are predictive in polynomial form.

In order to make sure that the reference speed response stays within an enforced template
under temporary conditions with a low current command, the outer predictive controller
for speed is then enhanced by optimizing the Youla parameter convexly while taking
frequency and temporal constraints into account. On the other hand, the new controller
maintains the closed loop's properties that the original predicting controller. The results of
the simulation confirm the validity and effectiveness of the control strategy proposed
Generalized Predictive Control GPC_RST of the multi-machines system in both terms of
performance and robustness (the stator resistance Rsi,2 and the inertia variation J12 have
been doubled, and the inductances La12 and Lgi2 have been lowered by 20% of their
nominal values) compared to the conventional Proportional Integral PI controllers.
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1 Introduction

Numerous studies on multi-phase motors which are better than three-phase have
been published in the literature. When compared to three-phase machines, they
have been shown to have a number of advantages, such as low ripple current [1],
stability and fault tolerance [2], high torque density [3], [4], and decreased torque
pulsations [5], [6]. As a result, machines with many phases of order are often
evaluated to feed certain application domains such as electric airplanes, ship
propulsion, robots, and electric/hybrid vehicles. In [7], and [8], comprehensive
evaluations of the study and It is proposed that multi-phase machines be
developed.

The parallel and/or series connections of multi-phase machines are among their
uses. This type of drive system is called as a two-motor drive system that is
coupled in series and parallel. This driving system is powered by a variable
frequency and variable voltage source, often a power electronic inverter. It was
initially presented in [9], [10].

What the driving system is set up so that machines may run at different speeds and
carry varying weights without interfering with one another.

Additionally, the drive topology does not specify the kind of machines used [11].
The vector control method is used to operate the machines.

Since vector controllers for multi-phase motors require both stator current
components, to control more motors, an additional stator current component is
used. [12]. Therefore, It will be possible to function separately each motor that
displays the supply as a separate multiple phases of source voltage inverter by
constructing a connection in series for stator windings with many phases [13].
This idea is most evident in the parallel/serie-connected a chain with five phase
two-motor drives, which consists of both five phase motors and is fed by a single
VSI with five phases. A thorough analysis of this topology may be found in [14],
[15].

Several methods, including predictive tactics, are available for controlling the
speed of a five-level inverter-supplied, series-connected, five-phase drive.
Numerous research labs have developed and have been interested in predictive
control applications for electric drives [16-21] and [22]. Furthermore, To control
many electric motor loops, the researchers of [23] and [24] employ the cascaded
generalized predictive control (GPC) [25-30] method; other writers used the
multivariable GPC formulation to regulate various system variables [16]. A single
five-phase inverter supplies a Machine drives (M1) and (M2) with five phases that
is coupled in series with a vector-controlled system is created by cascading two
feedback loops.

A current regulation loop makes up the inner loop, whilst the outer loop regulates
speed. The studies that when used to govern two synchrnous motors, the GPC
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control technique with RST polynomial structure produced remarkably robust
results, optimality, and capacity to confront uncertainty when compared to the
traditional PI controllers.

The aforementioned electrical drive has limitations, including maximum permitted
motor current and power inverter constraints, which make it a challenging
technical challenge in practice, particularly when it comes to high speed control.
The GPC speed controller can produce an exceeding q, y-axis currents reference
for the GPC currents controller in dynamic and high-speed profiles if it is
constructed in a linear area without taking into account any constraints. This can
result in an overmodulation in the inverter. Additionally, in practice, this current
command is restricted to a specified maximum value that is dependent on the
magnetic saturation, excessive stator winding heat, and a limit of the inverter's
maximum current.

A lengthy time of settling, a significant exceed on the response of speed, and
regardless he instability of the system result from the so-called windup
phenomena, which occurs when the GPC speed controller is saturated and the
close-loop performance deteriorates in comparison to the predicted linear
performance. Therefore, the management of the two motors requires the
employment of sophisticated control that respects these limitations while
maintaining a basic structural design in order to protect the system's two motors
and power electronics.

By using the Youla parametrization, this study aims to implement a
straightforward and efficient method to avoid the GPC speed controller saturation.
A unified off-line technique for retuning an initial GPC law while maintaining its
two degrees of freedom form is presented by the authors in [31-33] using the
Youla parametrization. Convex optimization is used to complete tracking behavior
and closed loop features in terms of two free parameters, Q; and (>, in this
parametrization are separated. Consequently, the O, has no effect on the closed
loop performances and can only alter the input output transfer functionln order to
prevent controller saturation and preserve the GPC characteristics, we shall utilize
this feature on our electrical drive in this study.

Using the load torque and speed reference, the estimate and control scheme's
performance is evaluated. Despite being connected in series and powered by a
single inverter. These results show that under severe load and speed variations, the
two machines are totally disconnected. Furthermore, an analysis is presented that
compares GPC to the conventional PI for sensorless operation.

The purpose of this paper is to investigate control (GPC) for series-connected two-
motors powered by a single five inverter. To obtain the desired characteristics, the
GPC controllers are implemented for speeds and currents to increase its robustness
(parameters variations of the two machines). In addition, an exact decoupling
between the speed and the flux is realized by this strategy in wide speed ranges
and makes it possible to obtain the best performances in the presence of
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disturbances. The developed control scheme combines the features of robust
control and the robust estimation to enhance the performances of the proposed
two-machine drives.

Moreover, a comparison between the conventional regulator PI and GPC
controller operation is also provided.

The paper is structured as follows. Section 2 presents the mathematical modeling
of the two series-connected five-phase PMSMs and outlines the key assumptions
used in the analysis. Section 3 introduces the design of the Generalized Predictive
Control (GPC) strategy tailored for the system under consideration. In Section 4,
the implementation details of the proposed control scheme are discussed,
including its integration with the single five-phase inverter. Section 5 provides
simulation and experimental results to validate the performance of the proposed
method. Finally, Section 6 concludes the paper with a summary of findings and
potential directions for future work.

2 Model of the Multi-Machine System Connected in
Series

Two five-phase PMSMs coupled in series consist the multi-machine system (Fig.
1). A single five-phase power source powers the two motors, five-phase inverter.
The angle of the spatial phase shift between two successive phase stators is 72° for
each machine in the system.

In Figure 1, the two machines in the system are assumed to have the same
parameters and the electrical circuit of the model can be written as follows:

Source Five-phase machine (I.M1) Five-phase machine (LM2)
— i £SO ity

A o — R o mmm

B oo —

Vest
(N cst Ves2

|
-

Vst Vds2
o ds1

D [—reo— N — —
e Vest o Ves2
E e
~— N’ N ”
Figure 1

Diagram of coupling the phase windings in series of the stator of the multi-motors. A five-phase

inverter powers the system

The following is the state space form of the phase variable model of system multi-
machines (PMSM) connected in series as shown in Figure 1:
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4

d [Q’ABCDEF ] ey

[VABCDEF] = [RS ][iABCDE ]+

Figure 1 shows the link between each machine's stator currents and source
currents, as well as the stator voltages of two five-phase machines connected in
series and the inverter voltages (A, B, C, D, E, and N).

vA Vasl + vas2
vB vhsl + VCS2
[Vs ] = Ve [T Vest T Ves2
Vb Vst T Vis2
_VE a _vesl + vds2 a

2

The following are the stator voltages of two five-phase machines linked in series,
(A, B, C, D, E, and N) are the converter's voltages, and the connection between
each machine's source and stator currents as shown in Fig. 1:

i A iasl iasZ
i B ibs 1 ics2
[is ] = iC = icsl = iesZ
iD idsl ibx2
Lip ] Llest ] [las2 ] 3)

The power-invariant Clark's decoupling transformation matrix is represented by
relation (4):

1 cos(a) cos(2a) cos(3a) cos(4a)]
0  sin(a) sin(2a) sin(3a) sin(4a)

[C]’= 2 1 cos(2a) cos(4a) cos(6a) cos(8a) 4)
: 0  sin(2a) sin(4a) sin(6a) sin(8a)
R PR TR TN R TN

Moving to the new variables system (@ fx,y,0) from the original system
(ABCDE) as:

Sapxy)=[C]f(ABCDE)
With [C] is the power-invariant transformation matrix.

The voltages and currents of the five-phase inverter (&, ) and (x,y) are defined as:
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_vZ’V_ _vA ] vas1 +V, i _vm1 +ng2_
vl",j,w Vp Vil -H/CS2 Var t Vi
vi’w = [Cl Ve | = [Cl Vesl + Ves2 | = | Vst + Vs (5)
v Vp Vast T Va2 Vst T Vﬂgz
_ng_ L Ve | Vet T Va2 | | 0 |
l(l:v =y =l
iZw = iﬁsl = _inZ
o ©
X xsl as2
i =iy =i,

Since the two subs-paces (¢, f) and (x, y) are orthogonal, as shown in Figure 1, the
particular technique for connecting the system's two machines in series will enable
the two machines to have independent vector control.

The zero-order component for the converter can also be well neglected. Eight first
order equations represent the electromagnetic part of the drive system.

In (7), the four inverter/stator voltage equations are represented:

. 5 d .
"=(R,+R, )i+ (L, +=—m,)—i"
( s1 52)0: ( sl 2 sl)dt a

+L szz i \/7-0 ¢f1Sln(0)

d (7)
l”V — R +R lll‘lV + L + m lInV
— (R4 R+ (Ly 4 2, )21
+L ’”” \/7.0 ¢ cos(6,)
"=(R,+R, )i)icnv +(Ly, +%ms2)il;nv
+L 511 \/7-(22¢f2 sin( 6, )
iy (®)

v -iny 5 in
= (Rsl + R‘X'Z)ly + (LSZZ + EmSZ )_lv

+L\11 0" \/7‘(22¢f2 cos(0,)
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To represent every size in a single frame, the stator variables are projected onto a
reference frame (d, ¢) that rotates and is displaced by ¢ in relation to the fixed
coordinate system (¢,f), this transformation is calculated from the matrix [D]
rotation as:

cos(@) sin(0)

[D] =|sin(€) cos(0) . )
[I]3><3

The two machines linked in series have the following torque equations:

iny -inv 5 -iny
T,=p((L,-L, )" i +‘{E¢f1 i)
5 (10)
T,=p,((L, - L, )i;””.i;f“’ + ‘/5¢f2 .i;."v)

Using these equations and (6), it is evident that the first motor's torque currents
(isa, isq) are zero, which results in the second motor's torque currents (ig, isy).
A single VSI may therefore be used to independently regulate the two motors.

3 Two Five-Phase PMSMs Connected in Series for
Independent Control

According to the (10), the first machine torque is controlled by the two currents
(isa, isg) and for the second machine torque controlled by both current (i, isy).
Among the control strategies, Keeping the component iss and i, null is one that is
frequently used. We control torques only by iy, and i,.

For the machine 1

. . 5
V;”V = (Rsl + R.\‘Z )l:lnv + (lel +— m.vl )_ld

d «iny
2 dt

d .inv 5 «inv
+Ly, Eld (L, + Emsl )lq

by

inv -iny 5 d +iny (1 1)
Vq = (Rsl + Rs2 )lq + (lel + Emsl )E

d .iny 5 .inv 5
+Ly, Elq —Q(Ly + Emn Jig" + \/;01¢f1
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For the machine 2

_ _ 5 d .
V" = (R + R, ™ +(Ly +=m, )—i"™
X ( sl x2)x ( si1 2 Z)dt

d 5 -
+L,—i" —Q,(L,,+—m, )i""
sl1 dt 2( 512 2 s2)y

d inv 5 .inv 5
+lelEly _‘QZ(LAYIZ—I_EmSZ)lx +\/;‘Qz¢f2

Figure 2's wiring schematic is then used to provide the overall voltage references,
while [11]:

M, %] [ o* *
Va vusl + vus2
* * *
I/b vbsl + VCS2
* *® *
Vc = vcsl + vesZ (13)
* * *
Va Vast T Vps2
* * *
_V;‘ _ _vesl + Vs a

The transfer functions shown below represent the electric and mechanical modes,
respectively:

1
G (S)=————

ik (Rik +10'kLSk S) (14)
G, (§)=———

k() (f 45

Where £ is the machine number (k=1: first machine M1, 4=2: second machine
M2).

Transfer functions (14) need to be transformed into discrete time transfer
functions as the GPC controllers are discrete in nature.
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Figure 2

Vector control of currents and speeds of the Multi-imachines system fed by a five level inverter

Thus, the ZOH (zero order hold) discretization method may be used to produce
the z-transform of the system transfer functions (14) as follows:

q_lAl-k( g
-1
Zfik(q )1 (15)
g Au(q ")

B (q7")

G, (4" )=

1

Gsk(qil) =

The models utilized in the construction of the GPC controllers for speed and
currents, respectively, are the transfer functions that were previously developed.

The block diagram of vector command scheme for a five-phase, two-motor drive
system based on the FOC method is shown in Figure 2. When the two motors'
speeds beyond their nominal values, the flux reference is guaranteed to decrease
due to field weakening. Using the Park’s transformation, the ABCDEF =>d,q,x,y
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block gets the igs, ins, ics ids, les i, MoOtOr stators currents and the dg xy=>ABCDEF
block makes the reverse Park’s transformation

The i ibs ics ids, ies, iz and motor stator currents are obtained using the Park's
transformation in the ABCDEF => dgxy block, and the reverse Park's
transformation is made in the ~ dgxy => ABCDEF block.

4 Standard Generalized Predictive Controller

The GPC control technique employs controlled autoregressive integrated moving
average model (CARIMA) for prediction in both situations (speed loop and
current loops):

k(1)

A(q )y (1) =B (q " Ju (1) +—=2— 16
(g )y (t)=B(q )u()+A(q ; (16)

yi(t), &(t): represent process output and zero mean white noise respectively,
A(q-1)=1-q-1, ux? is the control signal, and 4; and By are polynomials in
backward shift operator q derived from (16).

The j-th prediction step's expected output across the costing horizons
N,, £j<N,, is determined by:

J’k(H'j):ij(qil)yk(t)"'ij(qil)Auk(Z_l)

1 1 (17)
+Gyu(q ) (t+j=1)+J (¢ ) (t+])

The cost function is minimized to provide the GPC control law Presented by:
Polynomials Fji, Gji and Hj, are found by repeatedly solving Diophantine
equations.

To achieve optimal command values, the GPC uses a quadratic cost function
defined as:

SN )= 3 st -t )F 4 S+ j-UF s

J=Nik

Au,(t+j)=0 forj2N,

Where Ny is the control horizon, Ny and Noi are the lowest and maximum costing
horizons, wy is the set-point, and / : represents the element of control weighting.

#, 1s the predicted output value, obtained solving Diophantine equation, and u is
the control signal.

In our GPC design, the optimization variables are the future control increments
Au (1), Aug (t+1),..... Aug (t+Nyi -1 ), where Ny is the control horizon
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These increments represent the change in control input (i.e., torque-producing
current commands such as i,* and iy*) at each time step. The GPC algorithm
computes the optimal sequence of these increments to minimize the cost function
defined in Equation (18), which combines predicted tracking errors and control
effort penalties. This approach enables smooth and stable speed tracking while
avoiding abrupt changes in current that may lead to overmodulation or system
stress.

The two degrees of freedom (RST); structure shown in Figure 3 may be created
from the acquired GPC control rule as follows:

Si(a” )AG" Ju () =-Ri(q" )y, ()+ T, (@)w, () (19)

Thus, three GPC-RST controllers will be synthesized: two for the inner current
loops, indicated by GPC current, and one for the outer speed control loop,
represented by GPC speed.

dk( l)

+ 1 ui(t) 1
AS (a1 q'Bi(q7") ':

Wi(t+Ns) —> |7 (7))

V(1)

—1 Y bi(1)
R.(q ) v

Figure 3
Polynomial RST controller comparable to GPC

Assuming that Rox, Sor, Tor, and N, No, Nur, and 4 have been tweaked to meet
certain closed loop performance requirements, the original GPC speed controller
design has been completed. Since the GPC speed controller lacks an output
magnitude limiter, as shown in Figure 2, the reference of the electromagnetic
torque ¥« can take on rather large values in transient regimes. As a result, the
currents command i*, and i*,,, particularly in high-speed profiles; hence, the
significant control action may cause damage to the system drive.

This work's primary objective is to prevent current overflows without adding a
limited to the output or sacrificing the close-loop performance that the original
GPC speed controller achieved. Retuning the original controller using Youla
parametrization will be the method used. The resultant controller needs to adhere
to the specified boundaries.
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5 Improved GPC Speed Controller

The initially released GPC speed controller as parameterized by Youla (Rok,
Sox,Tok ) yields the stabilizing polynomials shown below, in accordance with the
work reported in [1]:

Tk(qil) = T0/¢(q71)_AOk(qil)sz(qil)

R(q7)=Ro(q" )= A4,(q7 )0y (q") (20)

Sk(qq )= SOk(qil)_qilBk(qil )Qlk(qil)

where the transfer functions Q;x and Qx are stable. Figure 4 displays the matching
block diagram.

du(t)
wi(t+N,) R (1) System )
AS(JA-(‘]%)
bi(t)
-1 -1 <.,._
4B(q)
i ]
A For robustness 4(q7)
prm N \
For tracking 4+ .
- Qlk(q_l) - AAk(q’l)
+ \— Vi
ROk(’q_l )|

Figure 4
Youla parameterization for the GPC_RST controller

It may infer from Figure 4 that although the parameter O alters the closed loop
characteristics while maintaining the input-output transfer, the parameter O«

Only the input-output transfer function is altered. Since the initial controller
design is sufficient to achieve closed loop performance, we set O to zero in the
following. QO will then be used to fine-tune this initial controller by altering the
input-output behavior to avoid the undesirable high control signal at the GPC
speed controller's output.

Time domain and frequency parameters are the two categories of standards that
O is made to meet. In this case, the signals wy, yx, and u correspond receptively
to the measured speed(2, the speed reference (*), and the present commands i*
and i*,,.
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6 Discussions of Simulation Results

Using the Matlab / Simulink software, different the two series-connected
machines in (MSCS) have their vector speed control simulation results generated.

Figures 5 and 6 illustrate how the both actuator series connected and fed by a five
phase inverter may be independently controlled. The responses of the multi-
machine system are achieved by a simulation.

To confirm that the both motors controls are independent different simulation tests
are performed in order. The speeds, currents, and torques of the unloaded two are
shown in Figures 5 and 6.

During the first test, the machine number one is operational at (2=[200 to -200]
rad/s at t=0.7 s and 2"! machine was running at 150 rad/s, then -150rad/s at t=0.7 s
of the reference speed.

The first and second machines applied load torques that were 100% of the speed
reference's rated torque for the two machines at t = [0.2 - 0.4] s. Then, at =0.2 s
and t=0.7 s load couples are applied to M1 and M2 respectively.

Figure 6 shows the simulation results of the second test, this test represented step
change of the reference speed is represented, a step change of the reference speed
from 200 rad/s to -200 rad/s at t=0.7 s for the first machine (M1) and -200 rad/s to
200 rad/s for second machine (M2) at t=0.7 s. Att=[0.2 — 0.4] s, load couples are
applied to M1 and M2. From Figures 5 and 6, it can be noticed that the decoupled
control is still retained, There has been no discernible impact on the two devices'
characteristic has been observed.

30 1 T Tem
— w I | —Tem
z F_r___{ —w _ 4 |
= 100 \ Ce E
£ z |
30 | 3
2100 g
A G
o
3% 0
0 02 04 06 08 1 %02 04 06 08 1
Time (s) Time (s)
10 10 —

>

Currents Id,q(A)
(=]

n

én
-

Currents Ix,y(A)
(=] (3.

l ]

=<

A
=)
2
=

=

0 02 04 06 08 1 02 04 06 08 1
Time (s) Time (s)

Figure 5
System PMSM’s responses with a load of 5 Nm at [0.2-0.4] s and a step change of two speeds
order(200 rad/s and 150 rad/s)
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- |
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Currents Id,q(A)
(=]
Currents Ix,y(A)

L |
0 02 04 06 08 1 02 04 06 08 1
Time (s) Time (s)

=

Figure 6
The PMSM's responses with a load of 5 Nm at [0.2-0.4] s and a step change of the reference speed for
M1 and M2

7 Test of Robustness

The test to evaluate the impact of both machines of the sysytem (PMSM)
parameter adjustment on how well the regulators operate is displayed in Figure 7.
The motor is operating at its stated speed. The machine's parametres have been
changed to test the durability of the controllers used: the stator resistance R;; > and
the inertia variation J; » have been doubled, and the inductances L4; > and L,; > have
been lowered by 20% of their nominal values.

Figure 7 displays the obtained results. These findings demonstrate that the five-
phase PMSM's parameter changes affect the speed curves in a discernible way,
and that the influence is greater for the classical regulator (PI) than for GPC
control. We can infer from this result that these final controllers are more resilient.
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The PMSM's responses at Rs ,J and Ld Lq variations for M1 and M2
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Conclusion

Using this method, we tested vector control in simulation on both 5-phase
synchronous motors (M1 and M2) of the system that were fed by a single inverter
connected in series.

We were able to order two machines separately by transposing them, which gave
us greater flexibility on the existing axis.

With proper dynamics, the speeds and fluxes follow their references because
throughout the transitory of the first machine speed, the flux of the second
machine is unchanged, and vice versa; also, the speeds are nearly unaltered.

Comparing control with proposed controller to the traditional controllers, the
results of the simulation confirm the validity and effectiveness of the control
strategy proposed of the multi-machines system in both terms of performance and
robustness (the stator resistance R,;, and the inertia variation J;» have been
doubled, and the inductances L4 and L, 2> have been lowered by 20% of their
nominal values.) compared to the conventional controllers.

Table 1

Machines Parametres

Rs Ld Lq J p flux
3.6 ohm | 0.0021 H 0.0021 H 0.0011kg/m? 2 0.25 web
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