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Karlsruhe Institute of Technology (KIT), Kaiserstr. 12, 76131 Karlsruhe, Germany
Tel.: +49 721 608 42476, E-mail: tobias.gemassmer@kit.edu

Abstract

In automotive applications, efficiency of the drive train is very important due to the limited
energy in the battery. Improvement can be achieved by increasing the inverter output voltage
through overmodulation. This can be used for either increasing output power or reducing power
losses.

This paper presents a new strategy of voltage limitation for the current control of three-phase
electric drives. The proposed limitation scheme allows the use of dynamic rotor-oriented cur-
rent control with no modifications for operation in overmodulation range. The novel limitation
structure is described and verified through simulations and experimental results.

1 Introduction

A simple approach to increase efficiency of torque control of electric machines is to achieve the
desired torque with the lowest possible current in order to reduce copper losses. For interior
permanent magnet synchronous machines (IPMSM) supplied by voltage source inverters (VSI)
this is accomplished by choosing current components for operation with maximum torque per
ampere (MTPA) [1]. When reaching higher speed, the voltage exceeds the limit of the inverter,
so additional field weakening becomes necessary. In order to keep copper losses low, this
should be accomplished by use of the maximum inverter output voltage.

2 \Voltage Gain by use of overmodulation
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Figure 1: Voltage source inverter

In fig. 2a the region of the possible inverter output voltage vector of a VSI (fig. 1) is shown. It
is limited by the shape of a hexagon. To achieve sinusoidal output voltage, the voltage space
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Figure 2: Trajectory of voltage space vector (a) and voltage components for maximum sinu-
soidal output voltage (b)

vector is always located inside the inner circle of the hexagon, with a maximum amount of
lug| = U—dg The waveforms of the voltage components u, and ug for maximum sinusoidal
output voltage are shown in fig. 2b.

For the case of overmodulation, the voltage space vector may also be located in the area
between the hexagon and the inner circle. The maximum output voltage for the voltage space
vector moving with constant angular speed is being reached when moving along the edge of
the hexagon. The waveforms of the voltage components for this case are shown in fig. 3a and
3b.
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Fourier analysis of either component u,, or ug yields the amplitude of the fundamental when
moving along the edge of the hexagon to

. . V3-1n3
Ua,l = U,B,l = —Ug (3)
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Figure 3: Waveform of voltage components for maximum output voltage with constant angular
speed and the corresponding fundamental

The fundamentals of the voltage components correspond to the dashed red line in fig. 3a resp.
3b. The resulting space vector trajectory for that fundamental voltage describes a circle in the
stationary frame presented by the red line in fig. 2a. Compared to sinusoidal output voltage,
we have an increase of ~ 5 % in voltage fundamental.

Challenges of overmodulation in closed loop current control

However, for dynamic closed loop current control, use of overmodulation brings up two prob-
lems [2]:

1. Additional current harmonics are produced due to harmonic output voltages. The current
controllers will respond to these harmonics with additional reference voltages.

2. Since the inverter is supposed to operate near its voltage limit in steady-state operation,
the demanded voltage will repetitively exceed this limit. This can be seen in fig. 2a:
Especially when the voltage space vector is being located close to any of the midpoints of
the hexagon’s sides, its length exceeds the achievable output voltage. Anti-windup with
use of the saturated voltage will prevent the current controller from demanding voltage
space vectors near the corners of the hexagon.

Both of these problems are solved by use of the described scheme of limitation.

3 Structure of limitation

Since output torque depends mainly on the current fundamental, the current reference values i}
and i, for steady-state operation in field weakening area are calculated for a voltage fundamen-
tal of 25,1’ = @ -Uge- In the first part of the limitation scheme, “Limitation to fundamental”
in fig. 4, the demanded voltage space vector ui = uj + j - u is truncated to that value. At this
point, different methods of voltage limitation are possible.The modified voltage components
and v, are used for back calculation for anti-windup of the current control.

As can be seen in fig. 5, the relation between the reference space vector u/ and the resulting

fundamental voltage has linear behaviour as long as |u}| < U—jg In this case, u/ lies inside
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Figure 4: Limitation scheme for overmodulation

the inner circle of the hexagon. For the case |u}| > [\]/dg the behaviour becomes nonlinear
(see [3]). Fig. 5 shows the characteristics for use of discontinuous pulse width modulation with
a continously moving voltage space vector inside of the blue border line in fig. 2a. In order
to achieve the desired voltage fundamental, this nonlinearity is compensated by calculation of

U

s, comp*

V31n3 ) -
1 -

T o

U E 3

Udc : :

0 1 Il

1 2

Figure 5: Relation between reference space vector and resulting fundamental voltage.

Since the hexagon is located in the aS-plane, hexagon limitation should be done after trans-
forming ug om, Dack to the stationary frame. In contrary, limitation to fundamental can be done
either in stationary or rotating frame. Due to back-calculation for anti-windup of the current
controllers, dg-plane might be preferred.

After compensation and coordinate transformation, the voltage space vector u .o, IS limited
onto the hexagon without modification of the angle. This is necessary for passing values to
the modulator that can actually be reached by the inverter phase legs. The resulting voltage
components u, and ug can be passed to any kind of modulator that is able to include overmod-
ulation, i.e. space vector modulator or carrier based modulator with injected zero-sequence.

The loop for current control can be closed directly through the measured current components
id, iq, as shown in fig. 4. Neither estimation of current harmonics (see [4]) nor additional
inverter model (see [2]) are required.



4 Simulation results

Simulations of the proposed control scheme have been made with an IPMSM designed for
electric vehicle with parameters as seen in tab. 1. Current control has been implemented with
Pl-controllers, designed according to the modulus optimum method [5]. Anti-windup has been
accomplished by back-calculation with use of the saturated voltage components w;; and uy,.
Results for steady state operation can be seen in fig. 6 and fig. 7.
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Figure 6: Simulated trajectory of output voltage
Table 1: Simulation parameters during overmodulation
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Figure 7: Simulation results

As can be seen in fig. 6, the voltage space vector moves along the outer edge of the hexagon,
so complete overmodulation region is reached. The voltage fundamental equals @ -Uge-

According to fig. 7, the current components show a ripple with a frequency of f,.. = 6- f1 due
to overmodulation, which results in a small torque ripple. Because of Ly < L, the current ripple
of component 4 is significantly larger than of i,. However, the shape of the phase current is
nearly sinusoidal.



5 Experimental results

Measurements on a machine test bench have also been made, using the described limitation
scheme for overmodulation. On the test bench current control has been implemented as a state
controller based on the design methods of [6].

Fig. 8 shows torque, current components and stator voltage for a speed of n = 5200 min~! and

a torque reference value of M* = 50 Nm, which equals the operating point of the presented
simulation results on the previous page. As can be seen, the amount of the stator voltage
vector stays mainly constant at |u,| = (\% ~ 144 V with sinusoidal output voltage. In contrast,
by use of overmodulation, the stator voltage ranges from |u,| = (f/dg to 2Uqe.

The impact of the variable stator voltage on the current components is rather small. There is
no significant difference between the quality of the current control by use of sinusoidal output
voltage or overmodulation. Therefore overmodulation has no influence on the resulting torque.

However, because of the higher stator voltage, the requested torque can be reached with less
stator current because less field-weakening is necessary. Therefore, the amount of the current
component iq becomes smaller, i, becomes slightly higher by use of overmodulation.
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Figure 8: Experimental results: Torque, current components and stator voltage.
(a): Sinusoidal output voltage. (b): Overmodulation.
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Figure 9: Stator currents. (a): Sinusoidal output voltage. (b): Overmodulation.



Sinusoidal voltage | Overmodulation
Lrms 101.2 A 96.21 A
THD 8.58 % 8.78 %
Py 30.447 kW 30.192 kW
P, 29.882 kW 29.739 kW
Power Losses VSI 564.9 W 452.3 W
Prcch 26.335 kW 26.335 kW
Power Losses IPMSM 3527.4 W 3404.1 W
Total power losses 4092.3 W 3856.4 W

Table 2: Measured powerlosses and harmonics

The described effects can be confirmed regarding the measured phase currents of the IPMSM
in fig. 9: The shape of the current is nearly sinusoidal for both sinusoidal output voltage and
overmodulation, whereas the amptlitude is slightly smaller while using overmodulation.

Compared to the simulation results, the current values are different in the experimental results,
although they represent the same operating point . This is the result of saturation effects within
the machine, which have different influences on the inductances L4 and L.

The advantage of the use of overmodulation concerning the power losses can clearly be seen
regarding tab. 2, which contains the results of power measurements in the described operation
point of the IPMSM with a Norma D6000. The decrease of the current rms value for overmod-
ulation is being approved. However, due to the variable amount of the stator voltage, current
harmonics increase. This is being indicated by a higher THD, which is being defined as

2 _ 72
Irms Il

= yoms 1 4
THD T (4)

Although higher current harmonics cause additional losses in the machine, the reduction of

ohmic losses in both IPMSM and VSI due to the lower current predominates. Therefore the

power losses in both IPMSM and VSI decrease through the use of overmodulation. The relative

reduction of power losses by changing from sinusoidal output voltage to overmodulation is
4092.3 W — 3856.4 W

Abra = 4092.3 W =58% ®)

Verification of the functionality of the proposed limiting scheme can be made by regarding
fig. 10a, which shows the trajectory of the voltage space vector u, in the afg-plane for both
sinusoidal output voltage and overmodulation. The trajectory for sinusoidal output voltage has
the shape of a circle, whereas use of the proposed limitation scheme associated with the ap-
propriate current reference values causes the output voltage to move along the operating limit
of the VSI.

Overmodulation can also be used to increase the maximum power output of the IPMSM.
Fig. 10b shows the measured limiting curve of the IPMSM with the rated current of Iy = 121 A
with and without overmodulation. As long as the speed is lower than n ~ 3300 min—!, the max-
imum torque is the same for both operation modes, since the stator voltage stays below the
maximum inverter output voltage. For higher speeds, the higher stator voltage at overmodula-
tion allows current component values which result in torque values that are ~ 5 % higher than
those from sinusoidal output voltage.
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Figure 10: Trajectory of stator voltage space vector (a) and limiting curve of the IPMSM (b)
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6 Conclusion

A novel strategy for voltage limitation in a closed-loop current control including overmodulation
is introduced, which needs no estimation of current harmonics. Simulation and experimen-
tal results show the operation of the novel scheme. A significant decrease of power loss at
same power output due to lower current in the machine as well as in the inverter is verified
by measurements. An increase in maximum power output has also been demonstrated by
experimental results.
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