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1. INTRODUCTION

In recent times, polyphase machines have gained significant attention for several compelling
reasons: i) They enable power segmentation, facilitating the production of high-power machine converter
assemblies with smaller gauge components; ii) They effectively reduce electromagnetic torque ripples and
rotor losses; and iii) They enhance reliability by enabling correct operation even in degraded conditions with
one or more open phases.

Among this apparatus, the dual three phase permanent magnet synchronous motor (DTP-PMSM)
has arisen like a crucial element in the industrial sector, particularly in electric motorization for high-power
applications such as railway traction or naval propulsion [1]-[7]. A control technique called field-oriented
control (FOC) employing the vector space decomposition (VSD) method was explored in previous study [7].
Additionally, an alternative control strategy known as direct torque control (DTC) was arising in the mid-
1980s by Takahashi [8], aiming to overcome the limitations of vector control. Unlike vector control, DTC
involves separate regulation of torque and stator flux, enabling a decoupled imposition of torque and flux [9].
DTC has proven its ability to achieve advanced management of three-phase electrical propulsion
systems [10].
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When implementing conventional DTC on the DTP-PMSM, notable harmonic stator currents are
often detected, leading to stator losses, and consequently a decline in the apparatus's overall effectiveness. In
line with the VSD approach, the conventional DTC lacks the capability to manage the harmonics that
manifest in the plane (z1, z2).In order to enhance conventional DTC, a modified DTC approach is proposed in
[11], for the synchronous motor with five phases. This strategy involves selecting the appropriate voltage in
two steps using a switching table. Further studies have been conducted to improve DTC by employing
synthetic vectors in [12], [13]. Another alternative method proposed in [14] selects voltage elements built
upon the flux stance in the (z1, z2) subspace, akin to the (a, 8) subspace.

Our contribution is to enhance the efficiency of the DTP-PMSM by applying an approach that
involves modifying the conventional DTC. To achieve this goal, the following plan is adopted for the rest of
this document: i) Section 2 describes the motor model using the vector space decomposition (VSD)
approach; ii) Section 3 covers the modeling of the motor power supply and present the conventional DTC
approach, in the context of the search method; iii) Section 4 introduces the proposed modified DTC
approach; iv) Section 5 the simulation results from both methods are showcased in order to confirm the
efficacy of the proposed technique; and v) Finally, section 6 provides the conclusion of the article.

2. DTP-PMSM MODELING

To facilitate the analysis of the motor being examined [15], [16], the subsequent assumptions are
taken into account: i) the motor operates without saturation, ii) iron losses are not considered, iii) the
electromotive force (EMF) follows a sinusoidal pattern, and iv) effects of Foucault currents and hysteresis
losses are minimal. Figure 1 provides a depiction of the DTP-PMSM model.
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Figure 1. The DTP-PMSM windings
Electrical equation shown in (1) and (2).
(Vsabc) = (Rs)(Isabc) + % (dsabc) Q)
(Vsa'b'c”) = (Rs)(Isa'b’c’) + %(tbsa’b ' 2
Magnetic equation shown in (3) and (4).
(dsabc) = (Ls)(Isabc) + (dfabc) 3)
(dsa'b’'c’) = (Ls)(Isa’b’'c']) + (Pfa'b’c’) 4)
Mechanical equation shown in (5)-(7).
JdQ/dt = Ce — Cr- Cf (5)
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Ce = Cel + Ce2 (6)
Cf=fxQ @)

With: i) Ce: electromagnetic torque, ii) Cr: load torque, iii) J: inertia moment, iv) Q: rotor rotation speed, and
v) f: friction viscous coefficient.

The development of a functional control system becomes achievable with the VSD model [17],
utilizing the decoupling transformation matrix represented as (8).

1 1 V3 V3
L=y =2 -5 7 0
V3 V3 1 1
0 3 -2 z 3z 71
1 1 1 V3 V3
V3 V3 1 1
0 -3 7 33z 1
1 1 1 0 0 0
0 0 0 1 1 1

The process of decoupling transformation enables the simplification of intricate systems by breaking them
down into three perpendicular subspaces: the torque components (a, B), (z1, Z2) corresponds to the harmonic
components, while (01, 02) represents the zero-sequence [18]-[24]. The subsequent relationship remains
accurate, as in (9).

t
(VaVeVar Vo Vo1 Vo) = T(VaVp VeV Vi Vo)t 9)

The equations for the variables can be expressed in stationary frame as in (10)-(12).

(Vap) = R (iap) + = (Pap) =R (iap) + 5 [(Leg) (iap) + Pomt- (0 )] (10)
(VZLz) = (RS)(iZLz) + % (L‘UZLz) = (Rs)(iZLz) + (LZ)i(iZLz) (11)
(Vor) = R (ioy,) + 5 (#o,,) = R (lo,,) + (Lo) 5 (i) (12)
Where:
(La + Lq) + (La — Lq) cos 260 —(Ld _ Lq) sin 20
(Lap) = 2 2 2
(La=Lg) o ((Lq 2+ Ly) ((Ldz— L) o

L4, Lq denote the direct-axis and quadrature-axis inductances. L., L, denotes stator self-leakage inductance
after transformation.Wpy,: the magnetic flux linked by the permanent magnet.0: the angle representing the
rotor's position.

In line with the VSD technique outlined in study [17], the subspace that encompasses the (a, B)
components includes both the fundamental component and harmonics. These harmonics are characterized by
an order of 12Kth + 1, where K takes on values like 1, 2, 3, and so forth. In a similar vein, harmonics
exhibiting an order of 6Kth = 1, where K follows a sequence of 1, 3, 5, and so on, are located within the
plane (z1, z2). Furthermore, the harmonics with an order of 3Kth, where K follows the pattern 1, 3, 5, and so
on, undergo a transformation into the zero-sequence subspace represented by (01, 02).

The current components within the (o, f) subspace play a role in converting electromechanical
energy. In contrast, the components found in both the (01, 02) and (z1, z2) subspaces consist entirely of
harmonics. These harmonics do not actively participate in generating the resulting torque; instead, they lead
to stator losses and reduce the machine’s efficiency, as in[25], [26]. In order to transition from the static
reference frame (o, B) to the revolving reference frame (d, q), we utilize the subsequent matrix, as in (13).

cos O sin@
L= (— sin 0 cos 6 ) (13)
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Within the (d, q) subspace, the electrical, and mechanical formulas of the motor are articulated
as in (14)-(16).

(a)=(5 )i +aled) + 2 (o) a0
(@) =(5 1))+ (") a9
Com = P(ig¥a — ia¥y) (16)

While p is the number of the pole pairs.

3. RESEARCH METHOD
3.1. Designing the power supply system for DTP-PMSM
The DTP operational condition of the switches within the two inverters is described by six Boolean
control variables, denoted as Si (where i represents a, b, ¢, &, b', and c'). Each Si represents the idealized state
of a switch, as seen in the inverter arm [27]. Specifically:
- S; = 1 when the high switch is activated, and the bottom switch is deactivated
- S; = 0 when the high switch is deactivated, and the bottom switch is activated
The motor phase voltages are illustrated based on the switch states in the following fashion, as in (17).

Va 2 -1 -1 0 0 0 Sa
Vy -1 2 -1 0 0 O Sp
Vel _E|l-1 -1 2 0 0 0 Se (17)

Vv, 173 0 0 o
\Vb,/ \ 0 00 -1 2 —1/\51,,/
v, 0 0 O -1 -1 2 S,
While (S = Sa, Sb, Sc, Sa’, Sb’, and Sc¢”) denote the switch positions, E is the DC bus electric potential.

By utilizing the transformation matrix T and tracking the switch states, we generate a total of 64
vectors in the two axis-components, namely (a, ) and (z1, z2). Within these vectors, 4 of them are depicted
as zero vectors in Figures 2 and 3 [28]. Based on the figures, the active voltage elements within the (o,B)
plane exhibit a decomposition into 4 distinct dodecagons characterized by varying magnitudes (specifically,

D1, D2, D3, and D4, arranged from the innermost to the outermost dodecagon). These magnitudes are
expressed in (18).

(2-3)
* UDl = \/§ E
1
* UD2 = \/_EE
» (18)
* UD3 = \/_EE
(2+V3)
* Upy = NG E

The voltage elements with the highest amplitude on the (o, B) plane correspond to minimum amplitudes
within the (z1, z2) subspace, while the remaining vectors maintain their original magnitudes.

3.2. Conventional DTC for DTP-PMSM

The conventional DTC strategy represents a control method that enables the separate and decoupled
regulation of stator flux and torque using a voltage inverter, as in Figure 4. This approach finds extensive
application in drives for permanent magnet synchronous motors. By independently managing stator flux and
torque, it becomes possible to achieve exceptional dynamic performance and precise motor control. The
selection of the top 12 vectors with the highest magnitudes effectively divides the (o, B) plane in 12 distinct
sectors, as illustrated in Figure 5. The indicated strategy ensures the selection of vectors with the least
significance in the (z1, z) plane, there by maximizing the utilization of the DC power source.
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Figure 3. Diagram illustrating space vectors in the

Figure 2. Diagram illustrating space vectors in the
(z1 = z2) plan

(a-B) plan
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Figure 4. DTC block diagram for DTP-PMSM

Figure 5. Distribution of sectors and selected voltage vectors for sector k
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According to the principles of DTC, the maintenance of torque and flux within specified hysteresis
bands necessitates the selection of an appropriate voltage during each sampling interval. This determination
relies on the current error between the flux and torque values [27]. The (a, B) plane is partitioned into 12
sectors, designated as "sector k" (k = 1, ..., 12), with each sector corresponding to a specific flux vector. The
initial sector encompasses an angle range of -15° to +15° degrees. The label k (k = 1, ..., 12) denotes the
stator flux's positional zone, and it is determined in conventional DTC using (19). Table 1 displays the
voltages to be administered when the flux is positioned within sector k, and it also outlines the adjustments
required for both torque and flux. Meanwhile, Table 2 provides the prescribed command signals for flux and
torque, identified as H,, and Hce, respectively.

2k — In/12< 6 < 2k — Dr/12 (19)

Table 1. Conventional DTC switch’s table
K Sector
He, 10-1 10-1
Hy, 1 0
App“ed vector Vk+2 Vero Vk—3 Vk+3 Vera Vk—4

Table 2. Hysteresis comparators -DTC-DTP-PMSM
Signal  Value Condition
He, 1 Ci—Ce = gce
0 C:—C.=0
-1 Ce —Ce < e
Hy 1 U5 — s =gy
0 Ys—ys < €y

4. THE APPROACH OF MODIFIED DTC

The proposed modified DTC technique achieves a reduction in current harmonics by specifically
curtailing currents within the subspace defined by (z1, z2). This approach consists of modifying conventional
DTC in two steps. First step is altering the switching table while retaining the use of twelve sectors, as in the
conventional DTC, involves implementing a new distribution of the sectors, as depicted in Figure 6. Instead
of the initial sector spanning from -15° to +15°, we reposition it counterclockwise by 15°, resulting in the
selection of 0° to 30° for the first sector as shown in Figure 7. Table 3 provides information on the voltage
values that should be used when the flux is within sector k. These values account for adjustments needed for
both torque and flux.

Figure 6. New distribution of sectors within (a-[3) Figure 7. Choice related to vectors on sector 1

Table 3. Modified DTC switch’s table (first step)
K Sector
Hy, 1 0
He, 1 0o 1 1 0 -1
Appliedvector Vivy Viero Vg Vina Viers Vi
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Second step is replacing the voltage vectors in the switching table obtained above by the voltage
groups which are organized within the (a, ) subspace into twelve distinct groups, designated as {G1, G2...,
G12}. Every group comprises three non-zero voltage elements extending towards the outermost dodecagon
and belonging to the three adjacent sectors; for example, instead of opting for the V36 vector alone, we opt for
a combination of vectors Vas, V37, and Vss. These vectors collectively form what we refer to as group G1, as
depicted in Figure 8. Figure 9 provides a visual representation of the position of these vectors within the
subspace (z1, z2). Notably, the application duration of these vectors is carefully adjusted to ensure that their
combined weighted vector sum cancels out within the subspace (z1, z2). As a result, precise control of the
current within the subspace (z1, z2) leads to a decrease in current harmonics. The subsequent equation
outlines the time allotted for each vector, as in (20).

{T1V45(zlzz) + Ty2V36(2122) + T5V37(2122) = 0

(20)
Tl + TZ + T3 = TS

Vectors at the origin with zero
magnitude: 0 7 56 63

N

@Iz/m’ 17 49

Figure 9. Vectors V¢ , V3, and V5 in (z4, z,)

Figure 8. Voltage group G1 in (a-)
In which: T represents appraisal period. The computation of the time values yields, as in (21).

{T1 = (2-V3)'T,=T; 1)

T,= (2V3-3)"T;

The suggested method involves substituting 12 vectors obtained by Table 3 with a composite set of vectors,
as illustrated in Table 4.

Table 4. Synthetic vectors employed in modified DTC
Modified DTC (first step) Groups Modified DTC (second step)

V36 G1: (V45,V37,V35) T1V4_5 + TZ V36 + T3 V37
V52 G2: (V37‘V3GVV52) T1V37 + TZVSZ + T3V36
Vs4 G3: (Vas,Vs2,Vsa) TV36 + ToVsy + T3 Vs,
V22 G4: (V52,V54,V22) T1V52 + TZVZZ + T3V54
V18 G5: (V54,V22,V15) T1V54 + TZ V13 + T3V22
VZG G6: (sz,V13,V25) T1V22 + TZ V25 + T3 V13
V27 GT7: (V13,V261V27) T1V13 + T2V27 + T3V26
V11 G8: (VZB,V271V11) T1V25 + TZV11 + T3V27
Vo G9: (Vz7,V111V9) T1V27 + TZ Vg + T3 V11
V41 G10: (V11,ngV41) T1V11 + TZ V41 + T3V9
V45 G11: (Vg,VALV45) T1V9 + TZ V45 + T3V41
V37 Gl12: (V41,V45 V37) T1V4_1 + T2V3 + T3V45

Enhancing the efficiency of a dual three-phase permanent magnet synchronous motor ... (Fouad Labchir)
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5. RESULTS FROM SIMULATIONS AND DISCUSSION

The simulations were conducted within the MATLAB/Simulink environment, maintaining a
consistent load torque of 8N.m and a steady motor speed of 300 rpm. Both approaches for DTP-PMSM,
namely conventional DTC and modified DTC, was simulated, and the outcomes are depicted
in Figures 10-16. Key motor properties are listed in the Table 5 [13].

Table 5. Key motor properties

Designation Value/ unit
D.C line electric potential: E 50V
Resistance of stator:R 1.09 Q
direct-axis inductance:Lq 2.142 Mh
quadrature-axis inductance: L, 2.142 mH
Flux by the permanent magnet:¥py 0.0734 Wb
Moment of inertia:J 89.10°° kg.m?
Overall coefficient of viscous friction:f ~ 0.01 N.m.s/rad
Pole pair count: p 5

Is (A)

4 405 44 245 43 4235

Time (s)

Figure 10. Current related to stator phase: conventional DTC
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Figure 11. Current related to stator phase: modified DTC

Figure 10 illustrates that when employing the conventional DTC strategy, the phase current exhibits
a non-sinusoidal form. Figure 11 demonstrates that the phase current associated with the suggested DTC
strategy closely resembles a sinusoidal form. The analysis of harmonic currents related to conventional DTC
shows a significant presence of the 5" and 7" harmonics, which are the predominant contributors to total
harmonic distortion (THD) = 29.79%, as depicted in Figure 12.

In Figure 13, the harmonic assessment of the current reinforces the observation that harmonic
components have been notably reduced, resulting in a THD equal to 7.74%. This reduction in harmonic
currents is primarily attributed to the modified DTC method's ability to manage current elements within the
(z1, 22) plane. This factor accounts for the observed decrease in harmonic content.
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Figure 13. Spectrum related to stator phase: modified DTC
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Figure 14. The (a,p) and (z1,22) current: (a) conventional DTC and (b) modified DTC
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Both Figures 14(a) and 14(b) represent currents in the (a, B) and (z1, z2) planes, showing: i) Minimal
ripple in the (z1, z) plane for the proposed modified DTC; and ii) Consistent trajectories in the (o, B) plane
for both employed methods. Figure 15(a) illustrates that the conventional DTC approach exhibits more
pronounced flux undulations compared to the modified DTC approach, which shows a smoother flux, as
depicted in Figure 15(b). In Figure 16(a), the torque exhibits an identical profile for both strategies. The
presence of these harmonics does not impact the performance of the torque. Figure 16(b), the graph illustrates
the response of motor's speed, with the rate of motion achieving its reference value while demonstrating
strong stationary and moving characteristics.
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Figure 16. Response of the torque and the speed for both strategies: (a) response of the torque
and (b) response of the speed

6. CONCLUSION

Direct torque control represents a prominent strategy employed in high-performance electrical drive
systems. In the case of DTP-PMSM, conventional DTC introduces noticeable harmonic currents.
Specifically, with conventional DTC, control is focused solely on variables within the (a, ).

This article introduces a modified DTC approach for governing the DTP-PMSM. The primary
objective of this strategy is to mitigate the presence of harmonics in the armature current. It achieves this by
adapting a new distribution of the sectors and employing the 12 synthetic voltage vectors. This innovative
technique enables to select the optimal inverter electric tension element, facilitating control within the (a, )
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subspace likewise reducing currents in the (z1, z2) plane. Simulated data have demonstrated that this modified
strategy is more effective at minimizing stator harmonic currents compared to the conventional approach, as
a result, it allows for enhancing the motor efficiency.
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