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Improved Matlab/Simulink model of dual three-phase
fractional slot and concentrated winding PM motor
for EV applied brushless DC drive

Thor SHCHUR, Damian MAZUR, Olekcandr MAKARCHUK, Thor BILYAKOVSKYY,
Valentyn TURKOVSKY]I, Bogdan KWIATKOWSKI and Dawid KALANDYK

The development of electric vehicles (EV) necessitates the search for new solutions for
configuring powertrain systems to increase reliability and efficiency. The modularity of power
supplies, converters, and electrical machines is one such solution. Among modular electric
machines, dual three-phase (DTP) motors are the most common in high-power drives. To
simplify low and medium power drives for EVs based on DTP PM motor, it is proposed to use
a BLDC drive and machine of the simplest design — with concentrated windings and surface
mounted PMs on the rotor. To study and create such drives, an improved mathematical model of
DTP PM machine was developed in this work. It is based on the results of 2D FEM modeling of
the magnetic field. According to the developed method, the dependences of the self and mutual
inductances between all phase windings from the angle of rotor position and loads of different
motor modulus were determined. Based on these inductances, the circuit computer model of
DTP PM machine was created in the Matlab/Simulink. It has a high simulation speed and a high
level of adequacy, which is confirmed by experimental studies with a mock-up sample of the
electric drive system.
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1. Introduction

The main cause of environmental problems in recent decades, such as global
warming and air pollution, is the long-term use of fossil fuels, much of which
are consumed by vehicles. In recent years, significant efforts have been made
to change the situation in the direction of reducing air pollution from transport.
Electrification technologies of existing vehicles are increasingly progressed, first,
full and hybrid electric vehicles (EV and HEV) are developed, and new groups of
vehicles are created, in particular, in the part of individual low-power vehicles and
mobile robots for various purposes [1]. The environmental friendliness of EVs
is determined by two factors: (i) the division in time, space and capacity of the
processes of electricity generation and its consumption to ensure traffic, (ii) the
widespread use of electricity produced from renewable sources. As EVs become
a key trend in transport technologies, their main requirements are efficiency and
reliability [2].

These two indicators can be significantly increased by applying a mod-
ular approach in the construction of power supplies, power converters and
the electric machines themselves [2—4]. Among the latter, multiphase elec-
tric machines, which have become the subject of considerable interest over
the past two decades, fit well into the concept of the modular approach. The
advantages of multiphase machines include reduced ripple of the electromag-
netic torque, reduced content of current harmonics in the DC link, poten-
tially higher efficiency, reduced power per phase, significantly improved re-
liability and increased robustness to failure [5—7]. One of the new promis-
ing solutions for electric transport in the field of multiphase electric ma-
chines is the use of separate groups, often two, three-phase (DTP) wind-
ings, which are connected to separate two-level voltage source inverters (VSI)
powered by separate modules of onboard power supplies. Compared to tra-
ditional drives with one three-phase winding, DTP motor drives are inher-
ently fault tolerant, as a failure of one module does not result in complete
loss of control of the vehicle. The popularity of this type of machine follows
from the good trade-off between additional complexity and potential advantages
[5,8-10].

In the DTP machines, the vectors of magneto-motive forces (MMF) of two
groups of windings can coincide in direction (symmetrical configuration) or be
shifted by a certain angle (asymmetric configuration) [5,9, 10]. The asymmetric
DTP machine (see Fig. 1) has two sets of three-phase stator windings, 1-2-3
and 4-5-6, spatially shifted by 30°el. with isolated neutral points or modules of
power supply, which eliminates the pulsating electromagnetic torque of the sixth
harmonic. This configuration is also known in the literature as an asymmetric
six-phase machine, a divided-phase machine or a double star machine. Until re-
cently, such an implementation of the power circuit was used only in high-power
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asynchronous medium-voltage electric drives. However, recently, the DTP con-
figuration has been extended to synchronous machines with permanent magnets
(PMSM), including for EVs drives [8,11].

VSI1 VSI2
S1, S3, S5, S1, [ 83, S5,
I /x5 x5 |
Bl /1 ™ L B2
— p 6 —
S6, S2, S4, S6, S2, S4,
B BT RE BFBF

Figure 1: Asymmetric DTP configuration of the electric drive

In PMSM DTP drive, control of each module is provided by a separate voltage
source inverter, VSI1 and VSI2 in Fig. 1, which are synchronized to the current
position of the rotor utilizing sensors of the rotor angular position. In this case, the
execution of the armature magnetic circuit can be magnetically insulated for each
module or common to both modules of the machine. Since in the latter case, much
higher specific values of torque and power are achieved, it is most often used.
In order to implement a large number of individual phase windings and reduce
losses in their end winding parts, concentrated windings with non-intersecting
winding end parts are most often used in multiphase PMSMs. In this case, to
reduce the mutual inductive connections between the modules of the armature
winding and the electromagnetic torque ripple, the fractional ratio of the number
of turns per pole and phase is used [12]. Fractional-slot concentrated winding
has a number of advantages over distributed windings in traditional machines,
such as high winding factor, high copper packing factor, short end windings,
and hence, high efficiency, reduction in the likelihood of an interphase fault,
and extremely low cogging torque [13]. However, fractional-slot windings still
generate a large number of space harmonics in the stator MMF, which rotate at
different speeds relative to the rotor and hence cause many undesirable effects that
include localized core saturation, eddy-current losses in the permanent magnets,
acoustic noise, and vibrations.

The prospect of using the DTP PMSMs for EVs determines the relevance of
research on mathematical modeling of their work and the development of ways to
control them. In particular, the difficulty in modeling electromagnetic processes
is to take into account the mutual magnetic influence between the windings of
both machine modules. In the case of modules with sinusoidal MMF distribution
and sinusoidal armature currents, the electromagnetic processes in DTP PMSM
can be quite well described in two d-g rotor reference frames with a mutual
electromagnetic coupling [14, 15]. Self and mutual inductances of the armature
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windings are obtained by simulating the electromagnetic field of the machine by
the finite element method (FEM) and describe their dependences on the rotor
position using different numbers of coefficients. Then, using special coordinate
transformations, we obtain a mathematical description of electromagnetic pro-
cesses in DTP PMSM in two decoupled d-¢ rotor reference frames [16]. In these
coordinate systems, vector control of module currents is built, and an impor-
tant task is the power or current sharing among three-phase winding sets [17].
A productive method of such modeling and control is the vector space decompo-
sition (VSD) method, which provides high-quality separation of cross coupling
between reference frames and allows implementing measures to reduce current
harmonics [18].

The performance of a high-quality modular electric drive based on DTP
PMSM is associated with significant hardware and software complexity of the en-
tire system, which can be justified only for powerful and expensive EVs. However,
the above advantages of the DTP concept will be effective for simpler and cheaper
vehicles of lower power. A significant simplification of the modular configuration
for such applications is the transition to brushless DC motor (BLDCM) with the
known advantages of this drive in the application of a simpler design of an electric
machine with PMs placed on the rotor surface, cheap point sensors of the angular
rotor position, low-frequency switching of the armature winding [19]. However,
in this case, the modules of the electric machine are characterized by a clear non-
sinusoidal MMF, due to both spatial and temporal harmonics of flux linkages. As
far as the authors know, few works have been devoted to modeling electromagnetic
processes in DTP BLDCM [20-26]. In these works, the electromagnetic processes
in the modules of machines are described by circular equations of voltage bal-
ances taking into account the magnetic relationships between the phases of each
module and between the two modules. In [20-25], the authors applied a simple
modeling of self and mutual inductances by constant, independent of rotor posi-
tion, quantities and focused on the issue of uniform current distribution between
the machine modules and the development of control systems. The approach to
mathematical modeling used in [26] is characterized by special accuracy, but
the developed complex mathematical model cannot be used for fast simulation,
which is necessary for the study of different structures of control systems.

In this work, the research was conducted in the direction of mathematical
modeling of the DTP PM machine. The dependences of the total flux linkages
of the electrical circuits and the electromagnetic torque on the currents in these
circuits and the rotor position angle were determined by numerical simulation
using 2D FEM. According to the developed method, for different variants of
module loads, the dependences of the self and mutual inductances on the rotor
position angle were determined. Based on the obtained results, a mathematical
model of DTP PM machine in-phase reference frames is constructed, which allows
finding the corresponding components of the armature currents by integrating six
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differential equations, and then calculating the current value of electromagnetic
torque from the obtained current values. The complete dynamic model of the
studied electric machine is implemented in the Matlab/Simulink environment.
The created with accepted assumptions computer model has a relatively higher
level of adequacy and high speed for simulation on a personal computer. The
time dependences of the armature currents of the individual modules obtained
on the computer model were compared with the corresponding oscillograms
taken experimentally on the mock-up sample of the BLDC drive system. The
convergence of theoretical and experimental results was quite satisfactory that
indicates the adequacy of the developed model. Its application in further research
allows to estimate the magnitude of the electromagnetic torque ripple by results
of computer simulation and to develop electric drive systems based on DTP
BLDCM for different EVs.

2. FEM-analysis of the electromagnetic part of the studied DTP PM machine

To analyze DTP PM machine, we propose to use one of the fundamental
concepts of the nonlinear theory of electromechanical energy conversion, namely
the concept of magnetic mechanical characteristic (MMC) — the dependence of
total flux linkages of electrical circuits and generalized forces (electromagnetic
torque) on currents in these circuits and generalized displacements (rotor position
angle) [27]. Partial derivatives of MMS on the vector of currents and the angle
of the rotor position, the so-called magnetic mechanical parameters (MMP),
give complete information about the angular dependences of the self and mutual
differential inductances.

2.1. Determination of the MMCs for the studied DTP PM machine

The total flux linkage of any electrical circuit of the stator is the algebraic sum
of the flux linkage due to the working flux in the stator slot part of a machine,
and the flux linkage due to the leakage flux in the winding end parts. The latter
will depend linearly on the currents of all electrical circuits and are the product
of the corresponding leakage inductances for these currents. Traditional methods
of calculating the leakage inductances of frontal machine parts are used, which
are not considered here.

The part of the flux linkage caused by the flux in the slot part of the stator
is the product of some elementary magnetic fluxes coupled to the part of the
coil and the number of turns contained in this part of the coil. Figure 2 shows a
concentrated stator coil wound on a tooth. We divide the regions occupying the
sides of the coil into j elementary subdomains, within which we will assume that
the magnitude and direction of the magnetic induction vector B are constant. Two
such subregions §; are shown in the Fig. 2.
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Figure 2: To calculate the total flux linkage of the coil

The flux linkage of the part of the coil bounded by the area S is calculated as
I,Dj :WS].I(;/Eﬁdl_, (1)

where w; is the number of turns belonging to the subsquare S, 5 is the calculated
length of the magnetic circuit, and 7 is the unit vector (orth) of the normal to the
elementary section d!.

Summing the flux linkage (1) by the area of the slot occupied by the coil, we
obtain the flux linkage of the coil due to the flux in the winding part end of the
machine:

J
Wokm = ) W) 2)

i=1
The flux linkage of the whole phase s, (m = 1, ..., 6), where m is the

current circuit number (phase) of the stator, due to the flow in the slot part, is
found as the algebraic sum of the flux linkages of K coils belonging to the circuit
with number m. Finally, we obtain complete flux linkages of the stator circuits,
which in matrix form are written as

U = Lol + s, 3)

where i = 1 o 3 s s el ” 1s the vector-column of complete flux linkages
of electrical circuits of the stator, i = = |li1 iz i3 ia is ig||” is the vector-column of
stator currents, L is the square matrix of inductances of frontal linkage of size
6, and :,175 = ||Ys1 Yor We3 Wea Wss a,l/(;(,llT is the vector-column of flux linkages of
electrical circuits caused by fluxes in the frontal parts of the machine.

The calculation of electromagnetic forces and torque is performed using the
so-called Maxwell stress tensor. According to this method, the force acting on
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any part of the volume V limited by the surface S can be obtained by summing
the elementary forces dF = F,dS attached to the elements dS of the surface S,
where F), is the force acting from the outside on the elementary surface.

In a two-dimensional formulation, the vector of the resulting force is calcu-
lated as

F=— [ T,adl, (4)

1 2
(B -8 BB
where T,, = 2 is the Maxwell’s stress tensor for an

1
BB, 3 (—B§ + Bg)
isotropic medium, B, and B are the projections of the magnetic induction vector
on the surface S, and po is the vacuum permeability.

Based on (4), after simple transformations, the electromagnetic torque, acting

on the rotor of an electric machine, is defined as

L=z — [ ix (ﬁ.é).é-%(é-é).ﬁ]di, 5)

where 7 is the unit vector along the axis of rotation and 7 is the radius-vector,
which the end belongs to the outer surface of the rotor (X is the vector product
and - is the dot product).

Given the accepted notation (3), we obtain the MMC for DTP PM machine
in vector form as

$=J(Zy), Te=Te(7,7), (6)

where vy is the rotor position angle.

The developed algorithm for solving the problem of calculating the MMC val-
ues for DTP PM motor by quasi-stationary approximation of the magnetic field
in a 2D setting is described in detail in [28]. It involves the performance of cal-
culations, geometric constructions, transformations of coordinate systems, etc.,
which are performed in two stages: (1) creation of a FEM model of the DTP PM
motor, (2) calculation of one value of the MMC. The algorithm is implemented
as a computer program using the ANSYS Multiphysics FEM analysis package
and the Ansys Parametric Design Language, which is built into the ANSYS.

For research, the DTP PM motor with an external rotor, which can work as a
part of an in-wheel motor of some vehicle, is taken. The stator winding of such a
machine contains two 3-phase modules, the resulting MMFs of which are shifted
by 30° el. The main dimensions of the active part of the machine are shown in
Fig. 3a, the number of poles of the inductor 2p = 20, the number of slots of
the stator Z = 24, the coils are concentrated. Thus, the condition of fractional
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slot concentrated winding is fulfilled. A fragment of the 2D FEM model of the
machine magnetic field is shown in Fig. 3b.

KT RIS AAA A
4 4 '
4 Q-]
& %@%%
LTRSS RS RSN
- e

(a) (b)

Figure 3: Dimensions of the active part of the studied DTP PM motor (a) and the fragment
of its 2D grid of the FEs (b)

Using the described algorithm for the studied DTP PM machine, the depen-
dences of phase flux linkages on the rotor angle position within the angle of
27 rad el. for the no-load mode are calculated and shown in Fig. 4, where 1,
V2, Y3 are the phase flux linkages of the first module of the machine and ¥4, Y5,
Ve are the flux phase linkages of the second machine module. Based on these
phase flux linkages, the corresponding dependences of the EMFs of rotation are
obtained, the harmonic composition of which is shown in Fig. 5. From the latter,
it is seen that the studied DTP PM machine has fairly close to the sinusoidal
form of the EMF of rotation. Only the third harmonic of the EMF is significant
and its amplitude is 9.3% of the first harmonic, and the amplitude of the higher
harmonics is not more than 1%.

— 1 —p2 —y3 —4 P5  —y6
0,12

0.09 = ||
5000 UL XTSI
z 00 X XX X
£ 000 N 2L NLALAN] .
s oe NI NX
S QUV.VANED.QOUD
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o
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Rotor position angle [deg]

(a) (b)

Figure 4: The obtained dependences of the flux linkages of the studied DTP PM machine
on the angle of the rotor position during idling (a) and their vector diagram (b)



IMPROVED MATLAB/SIMULINK MODEL OF DUAL THREE-PHASE FRACTIONAL SLOT

AND CONCENTRATED WINDING PM MOTOR. . . 685
10
8.75 *
75
6.25
'm%
3.75
2
125
* ¢ o * .
1 3 5 7 9 11 13 15 17 19

v

Figure 5: Harmonic composition of the EMF of the studied DTP PM machine

To study the magnetostatic mode, the modular armature winding sets of the
machine were fed by symmetrical 3-phase or 2x3-phase sinusoidal current sys-
tems, which were synchronized with the phase EMFs of the respective modules
in idle mode [28]. The calculations showed the local saturation of the toothed
zone, which can be seen from the comparison of the distributions of the mag-
nitudes of the magnetic induction vector during idle and under the load current
at the magnitude of 12 A (Fig. 6). The consequence of this is an increase in the
amplitudes of the higher harmonics of the magnetic field in the air gap, which, in
turn, leads to an increase in the pulsation of the electromagnetic torque.

Figure 6: The field of the magnetic induction vector: (a) idle, (b) the armature current in
both winding sets at the magnitude of 12 A

According to the developed algorithm, the MMC for the studied DTP PM
machine is constructed. As an example of the calculation results, Fig. 7 graphically
shows the dependences of the eponymous phase flux linkages 1, ¥4 of two
machine modules and the electromagnetic torque 7, on the current in the armature
phase i; for two values of the rotor position angle.
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e ux linkage [Wh]

Electromagnetic torque [Nm |

Phase stator current [A]

Figure 7: Dependences of the phase flux linkages /1, ¥4 and the electromagnetic torque
T, on the current {; magnitude for two values of the rotor position angle y = 0 and
v =90%l

Analysis of the obtained results allows us to state the following:

* the same magnitude of the armature current, depending on the rotor posi-
tion, can increase or decrease the flux linkage of the windings, therefore,
magnetizes or demagnetizes the machine;

* the shape of the total flux linkage of the phase windings of one module is
determined, first, by its current load, and also depends on the current load
of another module;

¢ the mutual inductive connection between the phases belonging to one mod-
ule is practically absent;

* the mutual inductive connection between the phases belonging to different
modules may have different magnitude and a sign depending on the phase
pairs;

* the proportional relationship between the electromagnetic torque and the
current is broken by exceeding the load currents of 10-12 A.

2.2. Determination of self and mutual inductances (MMPs)
of the studied DTP PM machine

Numerical integration of the system of algebraic-differential equations that
describes the transients in the DTP PM machine requires finding the partial
derivatives of MMC by the vector of currents and the angle of the rotor position,
the so-called MMPs.

From the theory of mathematical modeling of electromechanical energy con-
verters, it is known that the complete derivative of explicit MMC by the argument
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of this characteristic is represented in the form of a matrix [29]

oir) |5 5

AN g D o
o(iy) || o] K6
’ 9i 0y

In our further studies, only the L part of the matrix (7) will be used, which
corresponds to the differential inductances of the machine. In the case of the DTP
PM machine, matrix L has the size 6 x 6, the rows of which are partial derivatives
of each element of the vector of flux linkage on all line currents of two sets of the
armature winding:

_
o0

Since the MMC is a nonlinear vector function of a vector argument, which
values are determined based on the calculation of the magnetic field, the analytical
finding of the partial derivatives (8) is practically impossible. The numerical
method of finding the derivatives (8) for three-phase machines with PMs, based
on the theory of invariant approximation of functions, is considered in [29]. For
this problem, this method is extended to the case of DTP modular machines.

Therefore, to calculate the derivatives (8) at each point with seven coordinates
i1, 2, 13, 14, I5, i, Y, the following steps must be performed:

L (8)

1. For a set of seven coordinates, form a Taylor matrix 7' of dimension 8 and

find the inverse matrix 7~ '. This operation is performed once because the
geometry of the kit remains the same for any machine mode of operation.

2. Since the coordinates differ significantly in their values, it is necessary
to perform scaling. To do this, the beginning of the coordinate system is
transferred to the pointiy, iy, i3, i4, is, i, ¥, and the coordinates of the 8-node
set are calculated in the physical coordinate system, which corresponds to
the geometry of the scaled set. Thus, the n-th node (n = 1, 8) of this set is

defined as
i1,n m;, X1,n [
20 mi, X2.n i
i3,n mi, X3 i3
i4,n = mj, || X4.n|| + i4 s (9)
iS,n nijs X5.n is
I6n mijg X6,n i6
Yn m. X7.n Y
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where diag (ml-l,miz,m,-3,m,-4,m,-5,m,-6,m,-y) is the matrix of scale fac-

tors, which elements show how many units of a physical quan-
tity (current, angle, etc.) contains a relative unit of the scalable set,

T . . .
||x1,n,xg,n,xg,n,)m’n,xs,n,x@n,xm” is the column with the coordinates of

the n node of the scaled set, and ||i1, i2, i3, i4, I5, i6, yllT is the column with
the coordinates of the beginning of the coordinate system.

3. Calculate the discrete functions 1; and T, for all nodes of the kit and form
columns ¥y, ¥, Y3, Ya, s, ¥e, T, from them.

4. Find the column of the scalable derivatives for the function ¢/

- —_ rd T
c=T"! Y1 = ||ley, c2, c3, a4, cs, o, 7] .

5. Determine its partial derivatives in physical coordinates:

o _

0iy

L W O _ s Y
_mil’ (9i2 _m,-z’ 0i3 _m,-3’ (9i4 _m,'4
O _ s O _ e O _ 1
dis  my’  dig  m dy _miy

6. Repeat steps 4 and 5 for the scalar functions ¥, ¥3, Y4, ¥s, Ye.

7. Fill the matrix (8) with the values.

b

(10)

(11)

Using the proposed algorithm, the elements of the differential inductance
matrix (8) were calculated for the studied DTP PM machine. Figure 8 shows the

0,004
0,003
0,002
0,001

0,000

Inductance [H]

-0,001

-0,002

—|11
L24

—|22
—1L25

|33
—L26

—| 14
—1L34

L15
—1L35

—|16
L36

0 3 6 9 12 15 18 21 24 27 30 33

Rotor position angle [deg]

36

Figure 8: Dependences of the elements of the inductance matrix on the rotor position

angle during idle
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dependences of the self and some mutual differential inductances of the machine
on the rotor position angle during idle.

As can be seen from the obtained results, the mutual inductances between the
phases belonging to one module are practically absent. This is due to the specific
location of the phase coils in accordance with the winding scheme, which provides
a shift of the MMFs of individual modules, namely: between the phase coils of
one module in the machine Z/2p = 24/20 are always coils belonging to another
module.

The coeflicient of mutual inductance close to zero is also inherent in phases
that are shifted in space by 90°¢l. In a traditional three-phase machine, the mutual
inductances are always negative. This means that the EMF of mutual induction
between phases always reduces the value of the EMF of self-induction. This
also occurs in the studied DTP PM machine, but only between the phases of the
modules, which are shifted in space by 210°el. (1-6, 2-4, 3-5), while between the
phases of the same name, which belong to different modules (1-4, 2-5, 3-6), there
is a positive mutual inductive link.

The symmetry of the matrix of differential inductances is not violated, which
can serve as additional proof of the mathematical correctness of the proposed
algorithm for calculating the MMPs. The structure of the obtained matrix L is as
follows

+ 0 0 + 0 -

O + 0 - + 0

o O 0 + 0 - +
L=%7lF = 0 + o of (12

O + — 0 + O

- 0 + 0 0 +

where the signs “+” and “-” indicate the above features.

Figure 9 shows a comparative description of the four modes of operation of
the studied DTP PM machine in terms of the influence of the parameters of these
modes on the MMPs. The first mode is the idle (no load); the third — corresponds to
the power supply of symmetrical three-phase current with the magnitude of 10 A
system only of the first module, the second module is disconnected; the second
and fourth modes — power supply of two modules were carried out simultaneously
and symmetrically but at different values of current magnitude, 5 A and 10 A
respectively.

The dependences in Fig. 9 show that, at the qualitative level, their nature has
not changed, but there is some decrease in the average values of self and mutual
differential inductances, which are nonzero, with increasing the load of machine
modules. There is also a shift of the physical neutral in the direction of rotation
of the inductor.
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Figure 9: Comparison of the angular dependences of the self-differential induc-
tance of phase 1 (L) and the related mutual inter-module differential induc-
tances (L4, Lis, Lig) of the studied DTP PM machine under different load
modes of its modules

Summarizing the results of the analysis, it can be stated that the developed
algorithm for calculating the MMPs of the DTP PM machine makes it possible
to determine the elements of the matrix L in any mode of operation of the
machine and at arbitrary combinations of independent variables. It adequately
responds to their change and allows to identify features of complex relationships
between the design parameters of such machines, taking into account the main
factors influencing the technical and economic indicators, including: saturation
of the magnetic circuit, arbitrary distribution of armature windings, real magnetic
circuit configuration, etc.

3. Circuit-based mathematical model of the DTP PM machine
in phase coordinates

In order to develop and study new modular electric drive systems based on
the DTP PM machine, it is necessary to develop its high-speed in solving math-
ematical model, which is based on the description of electromagnetic processes
by electric circuits. Since the DTP PM machine will work in the BLDC drive sys-
tem, its operation should be modeled in phase coordinates, based on the obtained
results of FEM modeling of the machine magnetic field.

In the created model we have accepted the following assumptions:
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* The mathematical model of DTP PM machine is based on the improved
well-known model of BLDC motor in phase coordinates with static induc-
tances.

* As static self and mutual inductances are taken as determined by the de-
veloped algorithm respective dynamic inductances at the root mean square
(rms) currents of 3 A for both machine modules, when the saturation of the
magnetic circuits is minimal. Thus, the dependences of the self and mutual
inductances on currents is not taken into account.

* The dependences of the self and mutual inductances on the angular position
of the rotor is taken into account, because the studied PM machine has a
sufficient polarity. However, this dependence, in order to simplify the model,
is also taken at the rms currents of 3 A for both machine modules.

* The shape of the rotation EMFs consists of only the two largest harmonics
— the first and the third.

* Both machine modules and their magnetic circuits are symmetrical.
* Losses in steel and permanent magnets are neglected.

* The influence of the cogging component of the torque is not taken into
account.

Then, the voltage equilibrium in the six DTP phase circuits of the armature
winding will be described by the following vector-matrix equation:
S oRi+LYi+e (13)

v=Ri+L—i+e,

dt

where ¥, i, & are the vectors-columns of phase voltages, currents and EMFs,
respectively, consisting of six elements, for each of the two sets the DTP armature
winding, R is the diagonal matrix of six identical phase resistances R for each of

the modules, L’ is the matrix of static inductances.
According to the results of the FEM simulation of the magnetic field of
the studied DTP PM machine, the matrix of differential inductances L has the

structure (12). According to the above assumptions, the static inductance matrix
L’ of the studied DTP PM machine will look like

Lyi(y)
0

0

0

Ly (y)
0

L= L41(y) Laa(y)

0
Lei1(y)

Ls>(y)
0

0

0
L33(y)

0
Ls3(y)
Le3(y)

Li4(y)

0

Lo4(y) Las(y)

Lis(y)
0

0
Lus(y)
0
0

L3s(y) L3s(y)

0

Lss(y)
0

0
0

Les(y)

; (14)
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moreover on the principle of reciprocity L;;(y) = L;;i(y).
The angular dependences of the self and mutual static inductances that for-
mulate the matrix (14) obtained by FEM simulation are shown in Fig. 10.
Shown in Fig. 10 dependencies are approximated by Fourier series, and, as
studies have shown, the average value and the four harmonics of the series are
sufficient with good accuracy for this model:

L(y) = 8o+ g1 cos(y) + g2 sin(y) + g3 cos(2y) + g4 sin(2y)
+ g5c0s(3y) + g6 sin(3y) + g7 cos(4y) + ggsin(4y),  (15)
where g; are the obtained Fourier series coefficients.

— 111 ——122 —— 133~ - - 144~ - =155 - — - 166
S L - 116 ~---- 124 —— 125 ====- 135 — 136

0,004

0,003

0,002

0,001

Inductance [H]

-0,001 -~

-0,002
Rotor position angle [deg]

Figure 10: Accepted in the mathematical model dependences of self and mutual
static inductances on the angle of the rotor position (independent from currents)

Figure 11 demonstrates the approximation by function (15) of the self-
inductance L, for the phase 1 and associated with the phase 1 the positive
L4 and negative L ¢ mutual inductances.

The electromagnetic torque of the DTP PM machine can be expressed as

T, = (E: i) ; (16)

where (Z X ?) is the dot product of the EMF and armature current vectors.

For the simplest single-mass mechanical system with the total moment of
inertia Jy with regard to the motor shaft, the equation of motion of the drive is
dw

JZE :Te—TL—bOJ, (17)
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Figure 11: Comparison of the related to phase 1 angular dependencies of self
and mutual inductances (solid lines) with their approximated by (15) functions
(dashed lines)

where 77 is the load torque of the drive and b is the coefficient of viscous friction.

The position angle of the motor rotor is determined by integrating the angular
velocity at zero initial conditions:

y:/a)dt. (18)

The parameters of the elements of the voltage vector applied to the armature
windings v in (13) depend on the method of controlling a DTP PM machine.
In the case of BLDC with 120-degree switch conductivity [19], these parame-
ters change six times over the period differently for each of the modules of the
armature winding. Using the switches of VSIs (Fig. 1), at each time point, two
phases of each module are connected in series to its DC bus, and one phase is
disconnected. During phase switching, the current of the open phase continues to
flow through freewheeling diodes and connected phases. Due to the complexity
of the mathematical description of switching processes of each of the DTP PM
machine modules, mathematical modeling of BLDC drive should be performed
by computer simulation in Matlab/Simulink using available in the SimScape
library virtual models of transistor bridges switching according to its six-step
algorithms. For BLDC drive based on the DTP PM machine of asymmetric con-
figuration with shifted on 30°el. armature winding, such algorithms are presented
in Table 1.
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Table 1: The order of six-step switching of the BLDC drive based on the DTP PM
machine of asymmetric configuration with shifted on 30°el. sets of the armature winding

Switching states
v (°) VSI 1 VSI 2 v (°)
S1y | S1, | S13|Sly|Sls|Slg|S1;|S1y|S13 ]Sl |Sls|Slg
0-30 1 1 0 0 0 0 0-30
1 1 0 0 0 0
30-60 30-60
1 0 0 1 0 0
60-90 60-90
1 0 0 1 0 0
90-120 90-120
0 0 1 1 0 0
120-150 120-150
0 0 1 1 0 0
150-180 150-180
0 0 1 0 0 1
180-210 180-210
0 0 1 0 0 1
210-240 210-240
0 0 0 0 1 1
240-270 240-270
0 0 0 0 1 1
270-300 270-300
0 1 0 0 1 0
300-330 300-330
0 1 0 0 1 0
330-360 1 1 0 0 0 0 |330-360

4. Computer simulation of the DTP BLDC drive in Matlab/Simulink

The computer model of the DTP BLDC drive developed in the Mat-
lab/Simulink environment is shown in Fig. 12. The model consists of two similar
parts, which subsystems and main blocks are marked by indices 1 and 2. Each
part includes an electromagnetic subsystem of the DTP PM machine — the PM
Machine Module Subsystem, which switches by its six-switch VSI powered by
its battery module B. The PWM Subsystem generates 120-degree switching sig-
nals based on the signals “pulses” produced by the Hall Subsystem based on the
information of the rotor position angle. Given the asymmetric configuration of
the two modules of the armature winding, the switching of the VSI2 is shifted
by an angle /6 relative to the VSI1 that ensures the operation of the switches of
both inverters in accordance to Table 1. Both channels have a common reference
of DC supply voltage U*, which increases at a constant rate providing PWM
control of the voltages coming from the batteries until the VSIs switches will
open at the base frequency determined by the rotor angular velocity, and full
batteries voltages apply to the sets of armature winding. The electromagnetic
torques generated by the two machine modules are added, and the total electro-
magnetic torque is fed the common mechanical part of the drive, which is realized
according to equations (17) and (18).



IMPROVED MATLAB/SIMULINK MODEL OF DUAL THREE-PHASE FRACTIONAL SLOT
AND CONCENTRATED WINDING PM MOTOR. . . 695

PM Machine Module
Subsystem1

theta
E
vsit

dI456/dt

{7 8 7 ]
e | T
e L

di23idtf—

PM Machine Module
Subsystem2

Subsystem1 @l p—— 1 pftneta
w

ol L—p{di123/at
‘ +
‘f A 4
B2
© 6

o Com

PECT —

P

<k
~J

Figure 12: Computer mode of the DTP BLDC drive

In computer model shown in Fig. 12, the VSIs subsystems have been took
from the SimScape library of Simulink and the PWM Subsystems and Hall
Subsystems are the same as in the model given in [25]. The PM Machine Module
Subsystems differ from the ones in [25] by angular dependences of self and
mutual inductances and are realized as follow.

4.1. Model of the electromagnetic part of the studied DTP PM machine

The computer model of the electromagnetic part of the first DTP PM machine
module, which is based on the mathematical model described in Section 3, is
presented in Fig. 13. Its left part consists of three identical channels that integrate
the equations of voltage balances (13) in three phases of this winding set. At
the output of each channel, the value of the phase line current is obtained.
Three current values form references for controlled current sources CCS1 —
CCS3, which join the signals of the applied phase voltages with the virtual part
of the power supply of the machine module from VSI. From these voltages
at the input of the channels, the voltage drops on the active resistance of the
winding R and the sums of the EMFs of rotation and the EMFs of mutual
induction are subtracted. The values of the EMFs for three phases are formed in
the EMF Subsystem and Mutual Induction Link Subsystem. The self-induction
flux linkages obtained after integration in each channel are divided into self-static
inductances, in which the angular dependences are formed by functional blocks
L11, L22, L33, where the corresponding dependencies obtained by expressions
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(15), are recorded. The obtained values of line currents are also used to calculate
the electromagnetic torque by expression (16), and their discrete derivatives
come to the output 2 of the subsystem and then go to the Mutual Induction Link
Subsystem of another module to form there the EMFs of mutual induction.

o b
| a
R di123/dt
y
»l
X
N 0
X R X
+ + 1
T
»
X
" \&B)
E1E2E3 W
| theta T
D:ﬁ
theta
n EMF

d456/dt 3
dl456/dt

3 theta

Mutual Induction Link
M Subsystem1

Figure 13: Computer model of the electromagnetic part of the first module of DTP PM
machine

In the computer model of the EMF Subsystem for one machine module shown
in Fig. 14, three Flux Linkage Shape Subsystems form angular dependences of
phase flux linkages during idle as part of the first and third harmonics with total
unit amplitude. Next, these dependencies are multiplied by the current value of
the angular frequency w and the amplitude of the flux linkage caused by PMs F,
as a result, the current values of the EMF of rotation of the machine module are
obtained at the output of the subsystem.

In the computer model of the Mutual Induction Link Subsystem shown in
Fig. 15 for the first machine module, the angular dependences of nonzero static
mutual inductances are applied, which form the mutual inductance EMFs for
this machine module at the output of this subsystem. The expressions for these
static mutual inductances, which are written in the corresponding functional
blocks f(u), are obtained as a result of approximation by expression (15) the
dependences shown in Fig. 10.
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Figure 14: Computer model of the EMF Subsystem for one machine module
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Figure 15: Computer model of the Mutual Induction Link Subsystem
for the first machine module

Thus, in contrast to similar studies [30, 31], the model takes into account the
dependences of self and mutual inductances on the angular rotor position that
increases its accuracy.

The computer model of the electromagnetic part of the second module of the
DTP PM machine differs from the similar model of the first module by shifting
on the angle 7/6 the phase EMFs of rotation in EMF Subsystem and by the
topology of the Mutual Induction Link Subsystem according to the matrix of
static inductances (14).

4.2. The results of computer simulation of the DTP BLDC drive work

4.2.1. Open-loop system

Figure 16 presents the waveforms of the main variables of the studied open-
loop DTP BLDC drive obtained in the simulation of the model shown in Fig. 12.
The voltages of both batteries in this experiment were equal and amounted to
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25.5 V. By the time 0.08 s, the DC voltages applied to the armature windings of
machine modules increase at a rump of 100 V/s due to PWM control. Next, the full
voltages of the batteries are applied to the armature windings, and the switching
of the windings takes place at the fundamental frequency. This is done in order to
see the natural shapes of the line currents in the modules and to estimate the level
of pulsations of the electromagnetic torque. At a time of 0.2 s, an additional load
torque is applied to the rotor of the machine. As can be seen from Fig. 16b, the
electromagnetic torques of each module have significant pulsations, at the level of
57% of the steady state. However, the pulsations of the electromagnetic torques
generated by each of the machine modules, due to the asymmetric configuration
of the machine, are in antiphase. Therefore, as can be seen from Fig. 16c, the total
electromagnetic torque ripple of the DTP BLDC PM motor reduced to 16%.

N

10 /
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Figure 16: Waveforms of main variables of the studied open-loop DTP BLDC drive
at start-up and abrupt loading: (a) angular velocity, (b) electromagnetic torques of two
modules, (c) total electromagnetic torque
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Figure 17a demonstrates the waveforms of the voltage and current of one
phase, which show the significant voltage emissions associated with the switching
moments of the windings in both machine modules. Due to the magnetic coupling
between the windings, current changes in one winding generate EMFs of mutual
induction in other windings. This causes the characteristic pulsations of line
currents in each phase at intervals of 30°el. as can be seen from Fig. 17b, where
the line currents in 1 and 4 phases shifted by 30°el. are shown.

V0ltage [V], Current [A]
Current [A]

g i j i i FI R I S S N S
28.24 0.26 0.28 0.3 0.32 0.34 Bar Uz 0z 0z 02 02 03 031 0% 033 03
Time [s] Time [s]

(a) (b)

Figure 17: Waveforms of the studied open-loop DTP BLDC drive: (a) voltage and current
of one phase, (b) line currents in 1 and 4 phases

In the case of even a slight deviation of the DC values of the voltages applied
to the two VSIs, the loading of the two machine modules is significantly different.
This leads to a change in the shape of the line currents in the two modules, as
well as to an increase in the total electromagnetic torque ripple. This explains the
need for automatic control in closed-loop systems in order to equalize currents or
electromagnetic torques in real drive systems, where the supply voltages of the
modules are always not equal to each other [20].

4.2.2. Closed-loop control system

One of the simplest closed-loop control systems that can be applied to a DTP
BLDC motor may be a system that has two control loops: the outer common loop
of the angular speed control by a speed regulator and the inner loops of current
control in each machine module by current regulators [32]. Automatic control of
armature currents is easiest with PWM of the three lower switches of each VSI,
because with 120-degree commutation mode these switches always work in one
of the phases. For making the current control loops, in this system, the estimated
current values of each winding set were obtained from current estimators. The
latter measure currents in two phase winding of each set by current sensors and
form from them the respective values of DC currents based on the gate signals
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that control the VSIs [4]. The computer model of such a closed-loop control
system of the DTP BLDC motor is shown in [25]. The closed two-loop control
system has been created by using a proportional speed regulator SR (kp = 10)
and two PI current regulators CR (kp = 10, k; = 500).

Figures 18 and 19 show the same waveforms as Figs. 16 and 17, but for
the closed-loop system of the studied DTP BLDC drive. As can be seen from
these simulation results, the line currents control in both winding sets provides a
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Figure 18: Waveforms of main variables of the studied closed-loop DTP BLDC drive
at start-up and abrupt loading: (a) angular velocity, (b) electromagnetic torques of two
modules, (c) total electromagnetic torque
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significant reduction in the current pulsations and, accordingly, the pulsations of
the electromagnetic torques. Thus, the pulsations of the electromagnetic torques
generated by each of the modules are reduced to 20%, and in the drive as a whole
—up to 10%. At the same time, the speed of regulation also increases and equality
of currents and electromagnetic torques of both machine modules are provided
even at considerable differences in levels of DC supply voltages of the VSIs.

4
2

Current [A]

X oz o1 ot o1 0.2
Time [s]
Figure 19: Waveforms of the line currents in 1 and 4
phases of the studied closed-loop DTP BLDC drive

5. Experimental verification of DTP BLDC PM motor model

In order to assess the adequacy of the constructed mathematical model of the
DTP PM machine, experimental studies were performed with a mock-up sample
of the asymmetric configuration machine with an external rotor, which photos
are shown in Fig. 20.

(@) (b)
Figure 20: Stator (a) and motor assembly (b) of the studied DTP PM machine
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Six point sensors of the rotor position are required to implement a DLDC
drive based on the studied DTP PM machine. For this purpose, a miniature
absolute magnetic semiconductor encoder AS5045 with a 12-bit (4096 dots per
revolution) code is used, which provides data transmission via a serial interface.
This is a chip with integrated Hall elements, which is mounted on the end of the
fixed stator shaft, as shown in Fig. 21a. The chip responds to the angle of rotation
of a conventional bipolar magnet that rotates around its center. To implement this
movement, an overhead coupling with an additional shaft is used. The coupling is
mounted on the outer machine rotor, as shown in Fig. 21b. A cylindrical magnet
is glued to the inner side of the shaft of the coupling, and a bearing is placed on
its outer shaft. The bearing is fixed in the motor mounting bracket.

(b)

Figure 21: Magnetic semiconductor encoder AS5045 (a) and coupling with additional
shaft (b), which ensures the operation of the encoder

The electrical circuit of the encoder consists directly of the AS5045 chip and
a separate ATmega8 microcontroller, which receives data on the rotor angular
position from the AS5045 and transmits them via a serial interface to the mi-
crocontroller of the control system of the DLDC drive. The latter is a simple
Arduino PRO mini Atmegal68 microcontroller. From the signals of the encoder,
those are selected that allow the microcontroller to perform the six-step 120-
degree switching synchronized with the EMFs of two sets of the DTP armature
winding. The built-in timers of the controller counter made it possible to cre-
ate 6 PWM signals supplied to the IR2104 drivers, which control 12 MOSFET
transistors IRF3205 of two VSIs. The operating frequency of the PWM was cho-
sen as 16 MHz /512 = 31.25 kHz, where 16 MHz is the microcontroller carrier
frequency.

The whole experimental stand is shown in Fig. 22. The power supply of both
VSIs was carried out from two blocks of stabilized voltage PS-305D. Galvanic
isolation of the controller from the inverter drivers was provided through the
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PC817 optocouplers. The studied DTP PM machine is interlocked to a DC gen-
erator through a toothed belt mounted on the outer rotor of the studied machine.
The generator is loaded on a resistor that regulated the loading torque of the

drive.

Power supp_ly v

'DTP PM motor * JI)
" = ' -

Figure 22: Experimental stand of the open-loop DTP BLDC drive

Figure 23 shows the obtained experimentally oscillograms of the studied open-
loop DTP BLDC drive at the same supply voltage, angular speed, and load torque
as in the simulation results presented in Fig. 17. Comparison of these two results
shows their very good coincidence that indicates about sufficient adequacy of the
mathematical model of the studied DTP PM machine developed in Section 3.
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Figure 23: scillograms of the studied open-loop DTP BLDC drive: (a) voltage and current
of one phase, (b) line currents in 1 and 4 phases
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6. Conclusions

Due to the mass production of EVs of different classes and purposes, there
is a problem of correcting the traditional approaches to separate design of their
main subsystems. Therefore, integration of the main subsystems of the EV pow-
ertrain system based on the universal principle of its configuration, construction
of interconnections between these subsystems and their control is a promising
research direction. The proposed modular approach to the configuration of power-
train systems simplifies and accelerates the EV's design, unifies components, and
increases efficiency and reliability. A DTP PM motor is one of the examples of
the modular approach, because it allows combining modular power supply, mod-
ular power convertor, modular electric machine, and special control and energy
management methods.

Thanks to the results obtained in field research, the developed computer
model of DTP PM machine futures increased precision as well as fast simulation
capability. Conducted experiments verified a sufficient accuracy of the created
model for conducting further research. BLDC drives based on the DTP PM
machine of asymmetrical structure is noted by simplicity, high efficiency, fault
tolerance, a low ripple of the total electromagnetic torque, as well as the possibility
of developing the new configurations of electric drive with different level of power
supply modularity and control possibility.
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