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Abstract

This paper proposes the control scheme of an original drive which is made up of two 5-phase
Permanent Magnet Synchronous Machines (PMSM) connected in series. Even if the Electro-Motive
Force (EMF) are trapezoidal, it is possible, by using a special series connection between the two
machines and by implementing a special vector control, to impose independent torques and speeds with a
single five-leg Voltage Source Inverter (VSI). This configuration allows an independent control of two
PM machines and needs only five legs instead of six-legs for a classical solution using two independent
three phase inverters supplying two three-phase machines. If special series-connection with classical
vector control is sufficient to achieve flux/torque decoupling when the EMFs are sinusoidal, it is
necessary to modify the control scheme when the EMFs are not sinusoidal.

Simulations and experimental results demonstrate efficiency of the independent control of the two 5-
phase synchronous machines connected in series, and the efficiency of the improved control for different
loads.
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1. Introduction

Multi-phase drives benefit from a higher fault tolerance than classical wye-coupled three-phase drives.
In aerospace motors [1, 2, 3, 4] and marine applications [5, 6, 7], multiphase drives are widely used. In
electrical ships the use of two propellers is often needed [8]. When one power converter fails, it is then
remaining one propeller for controlling the ship propulsion. Nevertheless, the manoeuvrability and the
hydrodynamic efficiency are dropping when using only one propeller. In this case, it should be of better
interest to use the remaining healthy converter to control simultaneously the two propellers even if these
two propellers are used at reduced power. This strategy is possible with the drive studied in this paper
which is based on a particular series connection of two machines.

This kind of series-connection which is described in figure 1 has been widely studied in case of
induction and synchronous machines [9, 10, 11, 12], modelled with a first harmonic approach concerning
EMF and magnetomotive forces. In this case, simulation and experimental results have confirmed the
possibility to control independently (n-1)/2 n-phase motors in series connection with only one n-leg VSI
[13, 14]. As far as the VSI is not saturated and machines have sinusoidal EMF, a simple vector control,
extended from well-known 3-phase one, allows to guarantee that speed and torque in one machine have
no impact on speed and torque in the other machine.

Nevertheless, an advantage of the multiphase machines is the possibility to use harmonics of EMF in
order to increase the torque density. This is why the use of two motors with non-sinusoidal electromotive
forces can be an attractive solution for particular applications as marine propulsion or aerospace drives
where highly compact systems are needed [7]. Moreover in case of the use of PM machine, classical
design leads to non-sinusoidal EMF machines rather than sinusoidal EMF machines. In this case of non
sinusoidal EMF machine the problem is that a strong coupling is induced between non-sinusoidal EMF
multiphase drives if the control developed in [9-11] is used. Torque pulsations in one motor are then
depending on the speed of the other motor.

In [14], a simulation of two 5-phase synchronous motors with trapezoidal EMF shows that it is still

possible, by using decoupling method, to control independently the two machines with a constant torque



for each one. In [14], the implementation of the control is not detailed and a special methodology
(Energetic Macroscopic Representation) is used in order to deduce the control structure. The presented
paper is based on a more classical control approach and provides details for practical implementation:
experimental results obtained in a low power bench confirms the possibility to take into account the
harmonics of EMF in the control in order to ensure a low level of torque pulsations.

In the first section, the principles of the special connection are reminded with focusing on a PM
multiphase machine modelling and the effect of the presence of a third harmonic in the EMF in a 2 5-
phase machine series configuration.

In the second section, the control scheme of the currents is detailed. This control scheme is based on a
mathematical modelling theory of multi-phase machine. This theory is based on the vectorial
decomposition of the multiphase machine into a set of three machines (one 1-phase and two 2-phase
machines), developed in [15, 16, 17, 18]. These one-phase and two-phase subsystems, which are called
fictitious machines, are magnetically decoupled. Moreover, each of these subsystem machines is
characterized by a particular harmonic family [19, 20, 21]. The detailed analysis of a series connection of
two 5-phase machines supplied by a single 5-leg VSI is deduced logically from this theory and an
efficient control strategy is presented [21, 22, 23]: it is then easy to understand why it is possible to
control independently two machines with sinusoidal EMF even if only one 5-leg VSI is used.
Furthermore, the influence of high EMF harmonics on the vector control is examined. In the case of such
a series connection, controlling a constant torque is not obvious because the flux / torque producing
currents of one machine interact with the higher harmonics of the EMF of the second machine. These
interactions can lead to undesirable torque ripples. However it is possible to compensate these harmonic
torque ripples by improving the control structure.

Finally, simulations and experimental results are presented to demonstrate the decoupling of the

control of the two machines and the efficiency of the proposed approach in terms of torque quality.

2. Modelling two 5-phase machines with series connection

2.1. Multi-machine vectorial modelling of a 5-phase permanent magnet synchronous machine.

The electric equations of a 5-phase permanent magnet synchronous machine in the natural stator



frame are given by the following expression for each phase:

Vk = Rsik —l—%—l—ek (1)
dt
where R; is the resistance of the stator phase, @ is the flux component linked by the k™t phase and

due to the stator currents, and finally e, is the EMF induced in this phase by the permanent magnet rotor.

We consider that the five phases are regularly shifted, and that there is no saturation and no saliency
effects. Then we can obtain a relation between current vector (5 components) and stator flux vector [21,

22, 24].
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Where L is the self-inductance of one phase, M; the mutual inductance between two adjacent phases

(electrical shift angle | 27 and M, is the mutual inductance between two phases shifted of an electrical
-5

angle of 4 47 )
5

The magnetic coupling between phases makes the control of a 5-phase machine complex. To simplify
the dynamic control of such a system, it is possible to work in a new frame in which the phases are
magnetically decoupled. This new frame is obtained by applying a generalized Concordia transform ([Cs]
matrix) defined in [25] and reminded in appendix.

In this new frame, these voltage equations can be expressed in one axis and two 2D planes which are
magnetically decoupled. This axis and these two planes are associated with three fictitious machines (one
1-phase subsystem and two 2-phase subsystems) which are called respectively zero-sequence subsystem,
main subsystem machine (MM) and secondary subsystem machine (SM) [18, 20]. The components of the
three corresponding subsystems are respectively noted with indexes /z, (a,,, B.). (a5 B5)]. The electrical

behavior of these subsystems is summarized by equation system (3). This system results of the



transformation of (1) in the new frame.

Iz
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Vap-—s = Rslaﬁ’—s +As s +€ap—s

- VZ,E,ﬁz are the voltage, current and EMF vectors of zero-sequence subsystem and A;is its

inductance. It can be noticed that the current in this zero-sequence subsystem is nullified if a wye

connection is used.

- Vaﬁ_m,i;ﬂ_m,éaﬂ_m are the voltage, current and EMF vectors of main subsystem and Apn its
inductance.

- Vop—s, i_;(ﬂ,s ,E,5-s are the voltage, current and EMF vectors of secondary one and As its inductance.

A, An, As are the eigenvalues of matrix defined in (2).

Each of these subsystems is associated with a particular harmonic family [7, 13]:

€. =/5> E*sin(hpd)x., k=5, 15,...
k

B.pm =\EZ EX (sin(hp@) %, — €0S(hp@)%mg), k=1, 9.,... “)
k

€ps = \/gzk: EX(sin(hpf)Xs, + cos(hpd)Xss) , k=3, 7,..

In the previous equations, E* is the peak value of the k™ harmonic of the EMF (in a PM machine EMF
waveform is often trapezoidal as shown in fig.2 and table 1 which presents one phase EMF of one of the
two tested experimental machines ). According to this harmonic repartition, we can then consider that the
MM subsystem has p pairs of poles and the SM subsystem has 3p pairs of poles. As shown in (3), the
system behaves as if there were two two-phase subsystems magnetically decoupled and mechanically
coupled. So it is possible to control the MM and SM currents independently.

The electromagnetic torque developed by the machine is equal to:



= " R = Tm +Ts (5)

The total electromagnetic torque of a 5-phase machine can be seen as the sum the two phase
subsystems torque contributions (MM and SM) if a wye connection is used (in this case the current in the
zero-sequence machine is nullified).

In normal operation with one machine associated with a 5-leg VSI, a way to produce a significant
torque is to control each of these two 2-phase fictitious machines by imposing a sinusoidal current which
corresponds to the first harmonic of each subsystem harmonic family. That means that the current is a
compound of the fundamental harmonic (main subsystem currents) and a third harmonic (secondary
subsystem currents) [7, 14]. Therefore, the control of a 5-phase PMSM can be simplified by the use of
two rotation transformations associated with each 2-phase subsystem (main and secondary). This
transformation leads to define two d-q rotating frames [17]. The first frame is associated with the first
harmonics and rotates at w, and the second one is associated with the third harmonic and rotates at —3w.
This transformation is a generalization, for multiphase system [14, 25], of the Park theory and allows a
better control of the system using classical controllers (PI, PID) because the reference currents are
constant in steady state in these two d-q frames.

2.2. Multi-machine vectorial modeling of two 5-phase series-connected machines.

In the studied configuration, the system consists in two 5-phase PMSM supplied by a single 5-leg
VSI. Fig.1 illustrates the series connection of the stator windings of the two real machines, with an
appropriate phase transposition, which is detailed in [11, 13]. This particular connection leads to the
possibility of an independent control of the two machines.

Based on this special connection between the two machines (fig.1) the voltages of the inverter are

related to individual machine phase voltage, and can be expressed by:

Va =Va +Vay
Vg =V TV,
Vo =V, +V,, ©6)
Vo = Vg1 + V2
Ve =V +Vy,



The inverter output currents are given by:

ic = icl = iez (7)

If the generalized Concordia transform ([C5] matrix) described in previous paragraph is applied to the
system represented by fig. 1, a new system in the new reference frame is given by (8). Therefore, the
series connection between machines 1 and 2 can be interpreted as follow: subsystem MM2 and SM1 are

connected in series, and subsystem SM2 and MMI1 are also connected in series [13].
{Eﬂ :jml :jsz* (8)
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With

With:

= (im, 1), (ima,ia), (im2,1s2) are main and secondary subsystems currents for inverter, first machine
and second machine.

- i, isthe conjugate of i,, (Appendix)

The windings are wye-connected. So the zero-sequence component of the currents is null.

Then we can write:

\7m = (le + Rsz)i_;nl + (Aml + Asz) % + éml + és*z (9)

_ - dig _
Vs = (Rsl + Rm2)|sl + (Amz +Asl)d_f[l+esl +em2

- For the first 2-phase subsystem components of VSI voltages (which correspond to MM1 and SM2
subsystems current), the series connection of the two machines implies that:
- R,; is added to R, to give a global resistance: R,,= Ry+R,,;

- As» is added to Am to give a global inductance: Am = Asz + Ami .



-8m is added to &%, to give a global EMF: En: Bn =6m +E5

- For the second 2-phase subsystem components of VSI voltage (which correspond to SM1 and MM2

subsystems current), the series connection of the two machines implies that:
- Ry, is added to R,,, to give a global resistance:  R;= R,,,+ Ry;
- Am2 is added to Aq to give a global inductance: As = Amz +Aq.
- & 1s added to €, to give a global EMF: 6 :6 =6,1+6,,.

It is obvious that it is not possible to control independently the main and secondary subsystems of
each 5-phase machines with only one 5-leg VSI, which has only four degrees of freedom ( with a wye
connection). However it is possible to control only the main subsystems of the two machines. These two
subsystems are respectively MM1 for the first machine and MM2 for the second machine. In this case the
flux/torque of MM1 can be controlled by the 2-phase main subsystem of the inverter voltage, while the
flux/torque of MM2 can be controlled by the 2-phase secondary subsystem of the inverter voltage.

Indeed, if the machines do not have sinusoidal EMF, secondary subsystem EMF harmonics (SM1 and
SM2) interact with main subsystem currents (MM2 and MM1) [13]. These phenomena lead to torque
ripple production whose frequencies depend on the speed of the two machines. For example, if the back
EMF of machine 1 contains a third harmonic, the third back EMF harmonic of subsystem SM1 interacts
with the first current harmonic of subsystem MM?2 which implies a perturbation in the torque of machine
1.

One of the ways to solve this problem is to use machines with sinusoidal back EMF. In this case, the
EMF related to the secondary subsystems of each machines is nullified. However this solution leads to
strong constraints on machine design.

Another way in order to improve the control is to compensate the pulsating torque produced by each

of the secondary subsystem SM. This last way is used and described in this work.

3. Current control of Five Phase Permanent magnet Motor

3.1 Reference currents generation and control scheme.
The inverter phase current references are created summing individual machine phase current

references according to fig.1. Then we can write [9, 13]:



iAr(-zf = ialref +ia2ref = ial = ia2
iBref = iblref + iczref = ibl = ic2
iCref = iclref + ileef = icl = ie2 (10)
iDref = .dlref + ib2ref = .dl = ib2
iEref = ielref + ieref = iel = idZ

Each of the five phases of any of two machines carries simultaneously the currents of both machines.

The presented control scheme is based on an independent control of the torque of each machine. This
torque loop can be associated, in real world application for each of the machines, with an outer loop speed
control which can be based, for example, on the use of a classical PI controller.

We have used a classical method of torque control based on the use of PID regulators for each of the
current loops. The control loop of each of the 2-phase main subsystem currents is achieved in the two dq
rotating frames presented in part 2.1 and in [17, 20]. The currents references which lead to a constant
torque for the two main subsystems are constant in the two rotating d-q frames in steady state. So this
method leads to a very simple and efficient control scheme in normal operations. The transfer function of

open loop of the main subsystem MM 1, for example, along the axis q, is given by:

1/R 11
Gml—BO (S) =—m (4
1+-—ml g
ml
Aml

is the electrical time constant of main subsystem MMZ1. The currents which can be noisy are

Tmi =
ml

measured and filtered by a first order low pass filter included in the measurement process:

1
Ger (S) = m (12)
fml

Hence, the transfer function of the open-loop system becomes:

1/ Rm]_
Dm S = G Gm - = 13
120 (S) TR T Wy S) (Lt 7miS) (3)

We determine simplified transfer functions of closed loop:

KN

- RTiTq 14

W (14)
T, PRI,

With:



Hepp (P) =K 1+L+Td—p

N p

Then the regulator parameters are calculated for each fictitious machine characteristics (subsystems).
In our case, we have chosen to identify the closed loop system of each component of the current in the
two d-q frames as a second order system (pole compensation). The cut off frequency is fixed at
f=w./2nm=1kHz and the damping coefficient &c is fixed at 0.7. Fig3 presents a block diagram of the closed
loop control scheme for the main subsystem MMI1 g-axis current. For the d-axis component of these
subsystems the control scheme is similar and the d-axis main subsystems currents reference is fixed to
Zero.
3.2 Pulsating torque compensation

The pulsating EM torque in the first machine is related to the g-axis current in the secondary
subsystem of the first machine (SM1). This current is also a component of the 2™ machine main
subsystem current (MM?2). So it is possible to use a strategy which minimizes EM pulsating torque. This
minimization can be done by subtracting this component to the calculated reference current corresponding
to the required torque for machine:
lgm—t = lgmiret - lgs1 (15-a)
T = Tirer— Ty (15-b)

The second subsystem q axis current of machine 1 used for this compensation, 1, (7},) is deduced
from measurement of real currents in the control scheme. This strategy leads to a smooth torque control.

A similar strategy is applied for the control of machine 2 current and torque (/,.,,> control).
4. Simulations and experimental results

In order to demonstrate the performance of the presented control strategy, simulations obtained using
Matlab/ Smulink and experimental results are presented and analyzed.

Firstly, figures 4 and 5 present results of simulation when the two machines have a sinusoidal EMF at

different speeds. The torque of each machine remains constant and without ripples as shown in fig. 4. The
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line currents are complex since they result from a combination of currents at different frequencies in each
d-q reference frame of each one of the two MM subsystems.

To prove that the two real machines can be independently controlled, the reference torque of the
machine 2 is decreased as shown in fig. 5. The speed evolution of the second machine does not have any
impact on the torque quality of the first machine whose speed is thus not modified at all.

In a second case, we consider the same vector control but with trapezoidal EMF for each machine. In
order to take into account this new data, spectrum of EMF given in table 1 is analysed in accordance with
formula (9). In this formula it appears that the two first harmonic EMF of the main subsystem (MM) are
the first and ninth harmonics, the two first harmonics of the secondary subsystem (SM) are the third and
seventh. Looking at table 1, it appears that it can be considered that only the first and the third harmonics
have significant values. As consequence the MM and SM subsystems can be simply modelled as two
machines with sinusoidal EMF: the modelling is exactly the same as for a common three-phase machine
in d-q frame. The difference is only in the value of the rotation angle associated with the two d-q frames
(generalized park transform). For SM this angle is equal to 3p@ instead of p@ for MM where @is the
angular position of the rotor of the considered machine (1 or 2).

Fig.6 illustrates the current of the inverter and the torque when only the machine 1 is controlled (in
this particular case, machine 2 reference torque is null and consequently machine 2 speed is equal to
zero). The torque of the machine 1 in this case is constant without ripples. The reason is that for a 5-phase
machine with EMF containing mainly the first and the third harmonics, classical vector control in MM
and SM allows to obtain a constant torque without pulsation.

Fig.7 presents the simulation results obtained in the same conditions as in fig.4 for the case of

machines with trapezoidal EMF. In this case torque ripples appear in the two machines. The interaction of
the current i ,(MM2) and &:(SM1) implies a perturbation in the torque of the machine 1, and the
interaction of the current i, (MM1) and & (SM2) implies a perturbation in the torque of the machine 2

as shown in fig.7-(b). The frequencies of these torque pulsations are a combination of the two speeds of
the two machines.
In order to compensate the torque ripples in the machine 1, it is necessary to determine the torque

related to subsystem SM1 and to use it to modify the torque reference of the subsystem MMI1. In a similar

11



way, to compensate the torque ripples in the machine 2, it is necessary to determine the torque in
subsystem SM2 and to use it to modify the torque reference of the subsystem MM2. Fig.8 confirms the
efficiency of this compensation strategy of the torque ripples. The torque remains constant with the use of
these new torque references including the compensation.

The presented approach has been implemented in a low power experimental set up. This installation is
composed of two 5-phase 6-pole PMSM with trapezoidal EMF (the two machines characteristics are
similar and given in appendix and the EMF waveform of these two machines is presented in fig.2 and
table 1). These two machines are associated with a 5-leg DSP-controlled VSI drive. The switching
frequency of the VSI is fixed at 12 kHz in all the studied cases. Fig. 13 presents a snapshot of this
experimental set-up. The overall system is controlled by a DS1005 controller board for DSpace. The
sampling time has been set to 100us.

To confirm the validation of the proposed control, the experimental results are presented in the same
conditions as in the simulated cases. Fig.9 shows the current of the inverter and the torque when only the
machine 1 is controlled (the reference torque of the machine 2 is nullified and the associated speed equal
to zero). In this case the torque of machine 1 is constant. When both machines are controlled
simultaneously, torque ripples appear in each machine as shown in fig.10. In a second case reference
torque is modified to compensate the ripples as described previously. This strategy leads to obtain smooth
torques for the two machines as illustrated in fig 11. The table 2 shows the values of the torque oscillation
(with and without torque compensation) in the case of fig 10 and fig 11 where the two machines are
controlled with two different reference torques.

To demonstrate the independent control of two machines as show in simulation (case of fig. 5), the
torque reference of machine 2 is decreased as shown in fig 12. We observe that the current of the inverter
is modified, and that the speed and the torque of machine 2 are modified. The modification of the torque
reference of machine 2 has not any impact on the torque or the speed of the machine 1. The torque ripples

are efficiently compensated.

5. Conclusion

This paper focuses on the robustness and efficiency of the multi-machine control of two S5-phase
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PMSM with trapezoidal EMF connected in series and supplied by a single 5-phase inverter. A
mathematical modelling of the drive system based on a generalized Concordia transform is presented.
This theory allows the determination of an independent control scheme for the two machines.
Simulations and experimental results show that the independent control of two series —connected
machines is possible.

In order hand, the influence of EMF harmonics of the two machines in this configuration is discussed
and illustrated by simulation and experimental results. It is shown that EMF harmonics can interact with
the winding currents and leads to a prohibitive level of torque ripple. This phenomenon is particularly
penalizing in the case of machines with trapezoidal EMF. A compensation strategy is proposed. This
strategy is based on a new calculation the reference torques of the two machines taking into account these
parasitic effects. Experimental and simulation results demonstrate the efficiency of the proposed strategy
to control independently two S-phase PMSM with trapezoidal EMF in order to reach high level

requirements in terms of torque quality.

Appendix

-Generalized Concordia transform

The generalized Concordia transformation is characterized by the [Cs] matrix [10, 14, 25]. This matrix

for a five phase system, is:

- conjugate notation:

A =Ax-AXfor A= AX+AX
This notation is used in equations (8) and (9) to traduce in vectorial notation the effect of the
special connection of the two machines

13



- Data of experimental machine:

Rs=0.65Q; L=1.10mH, M,=0.03mH, M,=0.21mH, A= 1.5mH, A:=0.97mH.
P=300W (rated power); N=3500tr/min (rated speed); Uy=60 V(DC bus Voltage)
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Fig. 1. Particular series connection for independent control of two 5-phase machines.
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Fig. 2. EMF of the experimental 5 phase PM-machine
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Fig. 3. Block diagram of the current control for each main subsystem g-axis current (lg.m1 Or lg-mz)
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Fig. 4. Simulation results with sinusoidal EMF: (a) Current in five phases of inverter, (b) torques (T1:
machinel and T2: machine 2).
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Fig.5. Simulation result with sinusoidal EMF: (a) Current in the five phases of inverter, (b) torques and
(c) speed of the two machines.
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Fig.6. Simulation results with trapezoidal EMF and and T2 machine at zero speed: (a) Current in five
phases of inverter, (b) torque.
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Fig.7. Simulation result with trapezoidal EMF without compensation of torque ripples and the two
machines at different constant speeds: (a) Current in five phases of inverter, (b) torque.
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Fig. 8. Simulation result with trapezoidal EMF with compensation of torque ripples and the two machines
at different constant speeds: (a) Current in five phases of inverter, (b) torque.
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Fig. 9. Experimental result with trapezoidal EMF and T2 machine at zero speed: (a) Current in five
phases of inverter, (b) torque
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Fig. 10. Experimental result with trapezoidal EMF without compensation of torque ripples and the two
machines at different constant speeds: (a) Current in five phases of inverter, (b) torque.
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Fig.11. Experimental results with trapezoidal EMF with compensation of torque ripples and the two
machines at different constant speeds: (a) Current in five phases of inverter, (b) torque.
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Fig.12. Experimental result with trapezoidal EMF in transient operation: (a) Current in the five phases of
inverter, (b) torques and (c) speed of the two machines.
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Fig. 13. Snapshot of the experimental test-bed (VSI is behind the computer)

Harmonic number 1

Relative RMS Amplitude 100 23 7.31 0.82

Tablel: Harmonic contents of the back EMF the experimental 5-phase PMSM.

Toscillation % T, oscillation %
Without compensation 10 60
With compensation 3 8.6

Table2: Torque oscillations in the case of trapezoidal EMF without /with compensation of torque
ripples and the two machines at different constant speeds.

23



