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Abstract— Traditionally electrical motors have three phases,
but multiphase motors have shown to improve motor
performance and efficiency. This paper concentrates about the
control afgorithm for a six-phase induction motor with third
harmonic current injection. The problem is that typically a
seventh inverter branch and filter inductance is needed for
stabilizing the midpoint potential of the series connected de-
capacitor link. A new control strategy that pre-calculates the
aliowed voltage ripple and controls the motor voltage
accordingly (using two standard three phase inverter modules)
is suggested. With this new control strategy the seventh branch
and an inductance can be saved. It also opens the possibility to
use two standard three-phase inverters to supply the six-phase
motor. An experimental setup is build and the theery is
verified in the test case. The proposed control strategy works
satisfactory. A drawback is that the voltage ripple in the
midpoint increases, if a third harmonic current is injected
specially at low speed, which could demand a higher voltage
rating of the capacitors. Another drawback is that the higher
voltage ripple will stress the capacitors hence the lifetime may
be shortened.

I. INTRODUCTION

Three-phase inverters used in adjustable speed drives are
a very common configuration, A more and more discussed
item is to relax the traditionally three-wire link between the
motor and the inverter, to increase the performance of the
motor, by using a multiphase motor drive. Different
performance improvements have been demonstrated like in
[11, where it is stated that using six motor phases, the motor
peak torque can be increased by up to 40%, depending on
the motor geometry. In [2] the torque ripple and the de-link
ripple is decreased using a six-phase motor. The efficiency
of a multi-phase motor is also demonstrated to increase
compared to a three-phase motor according to [3} and [4].
These improvements depend on the ability to inject odd
higher harmonic components in the air-gab flux, giving an
squarer wave shape of the flux density vs. position [5]. The
most relevant and significant harmonic component is the
third harmonic, which in a six-phase motor demands for a
return path for the stator current. In a three-phase motor this
will give a third harmonic torque ripple, and no extra torque.
In order to avoid torque ripple a six-phase motor can be
used [6].

This paper will discuss the controllability of a six-phase
motor drive, where a third harmonic term is added in the
current and using a return path for the current to the mid-
point of the dc-link (see Fig. 1b). This has the disadvantage,

0-7803-8399-0/04/$20.00 ©2004 IEEE.

+Aalborg University
Institute of Energy Technology, Denmark

#Grundfos Management A/S
Bjerringbro, Denmark

compared to a seventh inverter leg (see Fig. 1a) that the load
of the de-link capacitors is uneven and may cause a non-
symmetrical mean voltage across the dc-link capacitors. A
new control method is proposed to stabilize the dc-link.
First the basic operation of a six-phase motor is explained.
Next, the new method to control the dc-link is introduced.
Finally, simulations and experiments are presented to
validate the method.
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Fig. 1..  Control of u six-phase motor. (&) Two inverters with three
phases and an extra branch used for voltage stabilization.
{b) Two inverters with three phases. The six motor supply
phases are here also used to stabilizing the voltage.
1. OPERATION OF A SIX-PHASE MOTOR DRIVE

A six-phase motor drive topology is shown on Fig. la,
where an inverter with seven branches is used [6]. This
gives the possibility to inject a third harmonic current in
each phase, returning it in the neutral connection of the
motor. The alternative solution is to skip the seventh branch
and the inductor and control the midpoint voltage by the six
other branches. The idea of transforming the abc-axis to a
fixed dg-frame to improve and simplify the control
algorithm can also be used in a six-phase motor just like in a
three-phase motor. In the six-phase transformation matrix
the third harmonic component is also taken into account.

2128

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on August 24,2024 at 07:43:51 UTC from IEEE Xplore. Restrictions apply.


mailto:fbb@vestas.com
mailto:kekr@vestas.com
mailto:pvadstrup@grundfos.com

2004 35th Annual IEEE Power Electronics Specialists Conference

The transformation (suggested in [6]) is shown in eq.l,
where it is used to transform the currents.

i, ][ cos(®} sin(g) cosp 0 0 sing T4, 7"
i cos§ %g sing-2=) cosf 0 0 sinf 4,

i, | | cosl@+4 ) sin{g+32) cos B 0 0 sin i i,

i 0 0 sinf 005(9—‘;) sin(ﬂ—i;-) —cosB i, M
i 0 0 sing cos(6—=%) sin(p—2x) <osg i

i, 0 0 sing cos(ﬂ-H;-) sin(B-l—’z’) —osf3 || iy,

Where 0 is the angular position of the electrical field,
B=36+3y, y is the angle between the first and third harmonic
component, iq, ip iy, and ip are the gq- and d-axis
components for each subsystem abe (1) and xyz (2), ig and
igo are the g- and d-axis current for the third harmonic
current.

The current in the neutral connection iy can be calculated
by adding all the elements in the matrix. The result after
some caleulation is shown in eq.2.
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[I1. STABILIZING THE DC-LINK

In [6] it is found that the electrical potentia} of the dc-link
midpoint (u, in Fig. 1b) is unstable partly due to
asymmetrical capacitors etc. and partly due to drift see the
next section. In [6] a seventh inverter-leg is used to keep a
fixed voltage. But a major disadvantage is that two standard
three-phase inverter-modules are not enough. Two extra
transistors with diodes and gate-drivers and an inductor are
needed (Fig. a).

In this paper it is examined if w, can be controlled
through a more integrated motor controller and just let the
potential vary according to the third harmonic current. This
gives some limitations in the amplitude of the third
harmonic current at very low speed because the voltage
ripple may become high, limiting the applicable voltage to
the motor. On the other hand the necessary voltage applied
to the motor is also decreased because the induced voltage is
nearly linearly dependent on the speed. Higher voltage
ripple could alse demand for higher voltage rating of the
capacitors. It is important to note that uy, is dictated by the
zero sequence current, so if iy has a DC value, u, will drift
towards either ug, or zero. S0 u, has to be measured and
controlled.

B, Analysis of dynamic system with two de-link capacitors

Considering the electric circuit in Fig. 1b it can be seen
that the midpoint potential u,, depends on the current in the
return path ig. From the circuit in Fig. 1b, eq.3 can be set up:

u, ()= % b (Ot + %“ 3

The current i, is already known from the given reference
value (see eq.2), but the needed integration involve prob-
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lems. The directly integrated voltage u,,; r can be calculated
to:

3 .
Uming ()= —— fi,o(©)-sin(3-6(1)+ 3.7 + 5 it
v2.C @

+

3 . , u
Nae jzdﬂ(:)-sm(3-6(()+3-}’——%)1!+7"‘
If the currents igo and iy are constant in time, the mean
value of ugy; r is ug/2, and this is the optimal value. But if
the currents are changed dynamically, the capacitor voltage

tends to drift out of control, dependent on when the currents
are changed.

C. New solution

A new strategy is proposed where the integration is done
analytically and not online. This has the advantage that drift
can be avoided. If it is assumed that the currents are
constant in time, the integration can be solved. The result is
shown in eq.5.

—i () cos(3-8()+ 3.+ %)

um.—e/(')=

J2.Cow,(t) s
il cos(3-00+37-1) Hiw )
V2-Cw,0) 2

Using that 8(t)=w.t and w. is the angular speed of the
electrical field. Here u,, ..f does not drift, and the mean value
is as close to YUy mess @S possible. In other words the
analytical solution eliminates the drift. Now this new
predicted voltage uy, r can be used as a reference for the
measured midpoint voltage Umy mess. The error signal is used
in a controller and added to the reference voltages for the
motor phases. The final control loop is shown in Fig. 2.
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Fig.2.:  Diagram of the proposed control system for midpoint

potential. The thick lines indicate six wires or six signals.
The thin lines mean only one signal.

Where dq3-abexyz and abexyz-dq3 refers to the trans-
formation back and forth between rotating and stationary
coordinates. To control the currents six Pl controllers are
used. The slip corrector first calculates the motor slip speed

)

L,+L,

@, = % like in standard vector control [7] and then

the electrical field speed ., from the measured motor speed
©y, USiNg @, = @, + @, . In the mid-point voltage calculator
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the acceptable reference voltage is calculated using eq.5. It
is important to note that the number of independent inputs to
the motor is the six currents (the zero current is not
independent because it is the sum of the six currents), but
seven conditions (the six currents and the midpoint voltage)
have to fit and be controlled. So one of the controllers has to
be secondary, and small errors have to be accepted. For the
midpoint controller it is therefore chosen to use a simple P-
controller, which gives a small steady state error, but in
simulation and practice it works well together with the six
current controllers.

V. SIMULATION RESULTS

The new control system is simulated using the current
control system proposed in [6] and a high order motor
model suggested in [8]. The main parameters for the system
are shown in a table in appendix A. The new midpoint
voltage controller is tested by supplying an artificial dc
offset current of -1.4 A, that starts at the time 0.5 s, Without
a midpoint controller the motor currents will not be affected
(see Fig. 3) but the midpoint voltage will increase linearly,
as shown in Fig. 4, until it is equal to ug,, and the motor has
to stop or the capacitor will fail.

Currents [A]

Fig. 3..  Simulation of six-phase motor drive without dc-controller.

Asymmetry occurs at 0.5 s. Phase a current and zero current.
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Fig. 4.:  Simulation of six-phase motor drive without de-controller,

Asymmetry occurs at 0.5 s. Simulated voltages.

Using the new suggested controller, the midpoint voltage
is stabilized, and the motor is able to continue to run (see
Fig. 5 and Fig. 6). In the case of using the proposed control
system, the controller corrects the motor currents so the
motor now supplies the -1.4 A in i, to the disturbance (with
(.23 A dc for each phase).

Cuments {A)

Time [s]

Fig. 5.:  Simulation of six-phase motor drive with dc-controller.

Asymmetry occurs at 0.5 s. Phase a current and zero current.
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Fig. 6.  Simulation of six-phase motor drive with de-controller.

Asymmetry occurs at 0.5 5. Simulated voltages.

V. EXPERIMENTS

Two standard three-phase inverters and a special
wounded six-phase induction motor are used in the test
system. The test system is pictured in Fig. 7.

Fig. 7.

Picture of laboratory test system.

It is found that without the controller the system cannot
even start, because the midpoint voltage becomes so
asymmetric that the control system stops to prevent over
voltage on one of the capacitors. If the midpoint controller
is turned on the system starts without problems. The system
is tested with nearly the same procedure as in the
simulation. In practice a resistance of 177 (2 is connected
across the lower capacitor u,, at the time 0.71 s and the
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results are shown in Fig. 8 and Fig. 9. The expected current
offset ip is -1.4 A. In the test the motor runs 1000 rpm and it
is loaded with 7.5 Nm.
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Fig. 8: Test of six-phase motor drive with midpoint-controller. Asym-

metry occurs at 0.71 s. Phase a current and zero current.
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Fig.9.:  Test of six-phase motor drive with midpoint-controller. Asym-
metry occurs at 0.71 s. Measured midpoint voltage tim mess.

B. Comparison of simulation and experiments

The simulated and the tested currents generally fit well,
both in amplitude, phase and harmonic content. The
simulated and the tested voltages also fit in most aspects,
but the measured voltage has a high harmonic content,
which is not modeled. This could be noise in the
measurements

VL CONCLUSION

A new control method for a six-phase motor with third
harmonic current injection, saving an inverter branch and an
inductance, is proposed. This controller calculates an
acceptable reference for the midpoint potential using a feed
forward approach of the third harmonic reference current.
The idea that the six other phases can be used to stabilize
the midpoint potential in the capacitor link is simulated and
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tested in the laboratory. The new control strategy works
satisfactory.

APPENDIX A

shown in the table below,

Parameter Value

Test motor nominal torque | 9.9Nm{@2908RPM

Test motor shaft power kW

Test motor poles 2

Test motor rewound from | Grundfos MG 100

Test motor active length 140mm

Test motor active OD 135mm

Inverter output power 3.1 and 4.3KVA

Inverter type Danfoss VLT 5004

Load drive Siemens PMSM

Maximum load torque 20Nm@4500RPM

D-Space system 1103-PPC
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