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ABSTRACT

To provide good torque control for a vector controlled
permanent magnet synchronous motor (PMSM), delta
current control can be used. It has the advantage compared to
controllers such as hysteresis and ramp comparison, that the
maximum switching frequency of the inverter transistors is
predetermined. Although investigations into the delta
controller have been performed, little work has been done on
the characteristics of the controller and its influence on the
inverter design. For the delta controller, the delta frequency
must be chosen with respect to the required characteristics of
torque, peak current and the average switching frequency of
the inverter transistors. These characteristics are studied
experimentally, using computer simulation and with
mathematical analysis, with respect to the variables of delta
frequency, dc supply voltage and the reference current
magnitude. At low delta frequencies. there is an exponential
increase in the mean torque and peak current. An
approximate analytical expression is given to predict the
delta frequency at which this operating region commences.
The effect of the motor speed on the torque is shown to
enable the minimum required supply voltage to be chosen
and the upper bound on the delta frequency is shown to be
determined by the maximum acceptable average switching
frequency. Also investigated is the delta controller's transient
response, torque harmonics, the effect of flux weakening and
the effect of turn-oft delays of the inverter transistors when
bipolar darlington transistors are used as compared with

IGBT's.
Symbols

(¢ = delta frequency (Hz)

I = delta frequency for minimum torque.
¢ = backemf (V)

Vdc = rail voltage to supply zero(V)
supply voltage = rail to rail voltage (twice Vgo) (V)
1 = phase current (A)

Iy = reference current amplitude (A)

R = PMSM phase resistance ()

L = PMSM phase inductance (H)

wy = PMSM rotor speed (rpm)

®m= PMSM rotor speed (rads/s)

Vy, = PMSM common voltage (V)

K = PMSM backem{ constant (V/rpm)

1.0 Introduction

Vector control of permanent magnet synchronous motors
(PMSMs) [11 is used to provide the maximum torque per
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amp [2] and a fast operating performance [3] by maintaining
the stator field at 90° spacially to the rotor ficld [4]. The
vector control hardware has been implemented as shown in
figure 1 5], and the equivalent circuit of figure 2 [6] has
been used as a basis for the computer simulations [7] and
analytical results. The simulation takes into account the
individual semiconductor device that is conducting in the
inverter and its voltage drop. Unless specified, the
simulations are based on a bipolar Darlington inverter
transistor with a 10us storage delay ime.
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Figure 1. Vector control system.

Figure 2. Equivalent circuit of the PMSM.

To provide a smooth torque [8]), PMSMs require a sinusoidal
phase current, which requires an inverter switching strategy
such as the delta current control [9]. It combines an
intuitively simple control strategy with a fixed maximum
switching frequency [10]{11], in contrast to the hystersis
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current controller which suffers from a vanable switching
frequency during a period [12]. In order to assess the inverter
requirements, the average inverter transistor switching
frequency needs to be known as well as the peak phase
current. The parameters of electric torque. average switching
frequency and peak current are studied as functions of the
delta frequency, reference current amplitude, supply voltage
and motor speed.

The control strategy compares the actual current with the
reference current at fixed sampling intervals (i.e. at the delta
frequency) (figure 3), and the inverter is operated to change
the sign of the current error. Although protection against the
possibility of a shoot through fault can be attained by a turn
on delay of the transistors [13], the protection has been
implemented using the simpler approach of non-
complementary [ 10} inverter transistor pair switching (see
appendix).
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Figure 3. The principle of delta current control.

From the equivalent circuit, expressions can be developed for
the current in each phase. For example, for phase A,
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Figure 4. Delta current control with the motor as load A)
experiment B) simulation.

where,

]

Ko, [R sin{wt, + ¢ ) - w cos(awt, + ¢)]

(R, L J!
L[(-L_) +wJ j

@
2.0 Delta Current Controller Characteristics
2.1 Torque Characteristics

As the delta frequency approaches high values, the torque
(figure 5) approaches a limit close to the required torque of
1.77 Nm (see appendix for details).

As the delta frequency reduces, the torque reduces due to the
effect that the backemf has in reducing the magnitude of the
current slope away from zero, and increasing it towards zero,
but below some value, the torque climbs exponentially.




This is due to the low delta frequency allowing the current to
reach zero before it rises at the next delta instant. Below a
particular delta frequency, as the current moves towards zero,
it will remain at zero (an effect of the non-complementary
switching) until the next delta instant. Hence, unlike the
complementary switching case, the current always
commences trom zero and so rises [urther.
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Figure 5. Torque versus delta frequency for various supply
voltages. wr = 1230 rpm, Iy, = 4.2A .

An approximate analytical expression can be derived for the
delta frequency for the minimum torque. The torque will
begin to rise as the delta frequency reduces, when between
two delta instants, the current can rise to the maximum
reference level. Due to the influence of the backemf, it will
certainly hit zero before the next delta instant.

When the phase voltage is V(c, the largest rise in the current
occurs for VN = -Vd¢/3. Although the equation for the
current (3) can be numerically evaluated to determine the
delta frequency at which the torque is a minimum. By
assuming that the back emf remains constant during the
delta frequency period, an analytical expression can be
developed (5).

1
L 12V, -Ko, - 1,R]
-—In 3 T |

| 3V Ko, |

= (5)

If in addition, the resistance is ignored, a simple relationship
results;

4
§-V de¢ - K(Dr
Lim

fm =

with R = 0. (6)

By comparing experimental and analytical values for the
delta frequency for minimum torque, there is reasonable

agrecment.

For a given delta frequency, the torque curve is at a constant
slope with respect to the reference current amplitude. The
variation of torque with speed (figure 6) shows a distinct
comer speed at which the torque drops rapidly.
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Figure 6. Torque versus motor speed for various supply
voliages. fd = 15kHz, Iz, =42 A .

As the supply voltage is increased, the corner frequency also
increases, as does the torque.

2,2 The Average Switching Frequency

A transistor can be turned on at one delta instant and off at
the next. Since the transistor only conducts over a half
cycle, the maximum switching frequency of a transistor is
one quarter of the delta frequency. Often the switching
frequency is less as the current error does not change sign in
the time between one delta instant and the next.

Figure 7 shows that the average switching frequency as a
function of the delta frequency has an initially linear
relationship, which approaches an asymptote as the delta
frequency increases above 30 kHz. The divergence between
the experimental and simulation results is related to the
frequency limitation [14] of the Hall effect current sensors
[15]. The average switching frequency increases with the
voltage as the intluence of the backemf is reduced.

Increasing the reference current amplitude reduces the average
switching frequency due to the influence that the siope of the
reference current has on the delta current control, requiring
the current to take longer to cross the reference current
waveform. The simulation agrees well at the lower delta
frequencies, but at the higher delta frequency, the Hall effect
current sensors limitations become clear.

As the speed of the motor increases, the backemi opposes
the imposition of the supply voltage, which reduces the
current control and hence both the torque and the average
switching frequency reduce with the speed. The maximum
average switching frequency occurs at zero speed and hence
the maximum heat dissipation of the transistors can be
determined.
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measurced. The bipolar darlington transistor had a measured
turn off time of 2.6us
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Figure 9 Simulation resuits of the motor, inverter and
system efficiencies. or = 1235 rpm, Iy = 4.2 A, Vg = 60..
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Figure 10 The system and motor power and loss as a
function of the delta frequency. wy= 1235 rpm. [y = 4.2 A,
Vdc = 60.

and turn on time ot 1.4us. Figure 11 shows the motor,
inverter and system efficiencies when using the bipolar
Darlington transistors or the IGBT's [17].The IGBT inverter
losses are clearly much smaller than that of the bipolar
Darlington inverter, and is significant in increasing the
overall system efficiency. At the supply voltage of 120 V,
the average switching frequency does not increase above 6.5
kHz, yet at a higher supply voltage, the switching frequency
can be expected to reach one quarter of the delta frequency,
and hence switching losses can be expected to increase. The
losses can then be expected to be significant.
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Figure 11. Comparison of the efficiencies of the bipolar
darlington transistor inverter and IGBT inverter drives. wr=
1235 rpm. Iy = 4.2 A. V¢ = 60.

The loss curve has a minimum at 5 kHz delta frequency, but
above this frequency it slowly increases. The motor power
clearly increases more rapidly, but above 30 kHz there is
little gain.

2.5 The Effect of Flux Weakening

The maximum speed of the motor is limited by the dc
supply voltage. As the motor speed increases, the back emf
approaches that of the supply and the maximum speed is
reached. The speed can be extended by flux weakening
[18][19], thereby reducing the back emf. In a permanent
magnet motor, flux weakening is achieved by altering the
phase of the reference current with respect to the back emf.
Then the peak back emf no longer corresponds to the peak of
the reference current, hence enabling better current control
(see figure 12).

Although flux weakening can be applied at motor speeds
where good current control exists, there is no advantage and
the torque will decrease. Because the flux weakening
decreases the current harmonics, it will also decrease the
torque harmonics (figure 13).The speed range is extended
significantly, since the torque available has increased due to
the extra current control.

2.6 Torque Response
For a supply voltage of 120 V, the electric torque response

at a delta frequency of 20.3 kHz is shown in figure 14, for a
step inrcease in the commanded torque from zero to full




torque for the PMSM with a locked rotor.
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Figure 12 Experimental current waveforms A) without flux
weakening, B) with flux weakening. Vgc =60 V, oy = 2350
pm, Iy = 4.2 A,

The step torque response results in a very rapid rise in torque
over a time period of 250 us. There is an initial delay of .50
us corresponding to the time between delta samples. Figure
15 shows that there is no torque overshoot. For a rapid
torque step response, it is necesary to ensure that the deita
period is small compared to the rise time of the phase
currents from zero to their rated value.
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Figure 13. Fourier spectrum of the torque A) without flux
weakening, B) with flux weakening. V4c =60 V, wp = 2350
rpm, Im = 4.2 A. | torque unit = 0.6186 Nm.
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Figure 14. Electric torque (as measured by the electronic
torque estimator) for a step torque response. 100 ps/div.
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kHz, I =4.2A .

2.3 The Peak Current

When designing the inverter it is necessary to know the peak
current, since there is no direct control of the current
magnitude. If the delta frequency is too low the current can
reach large magnitudes. An upper bound to the current
magnitude can be determined by assuming the maximum
rate of current rise for the length of time in the delta
interval. The peak current is dependent on the initial value of
the current, which in the worst case is the reference current
maximum. An analytical solution can be found if the
backemf and reference current are considered to be constant in
the delta interval, that is;

3) ipeak =
4 4
Evdc - Koy ) Evdc - Kwor - Iy

The good agreement between the measured and calculated
values of the peak current of figure 8 allows the calculated
values to be used to provide the maximum current rating for
the inverter.

2.4 The Motor and Inverter Efficiency

The system power is defined as the power entering the
inverter, whereas the motor power is defined as the total
power entering the motor, comprising the electrical motive
power and the losses. The total loss is the difference between

the motive power and the power supplied to the inverter.
With the motor used, no hysteresis, eddy current or magnetic
saturation losses could be measured. Therefore the major
loss is only resistive, which is proportional to the square of
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Figure 8. Peak phase current versus delta frequency for
various reference current amplitudes. V4c = 60, or = 1230

pm.

the current. At low delta frequencies, the current tends to rise
well above the amplitude of its fundamental, hence the
losses are large for the torque produced. As the delta
frequency increases, the ratio between the peak currents and
the fundamental amplitude decreases, and the efficiency of
the motor improves.

The inverter losses are composed of conduction losses and
switching losses. Apart from at very low switching
frequencies, the majority of the losses are switching losses,
and hence the inverter efficiency reduces as the switching
frequency increases.

Maximum efficiency of the motor drive system is affected
by both the motor and inverter efficiencies. Due to
experimental difficulties, direct measurement of losses was
not possible, however, simulation results are presented in
tigure 9.

Figure 9 shows that the maximum system efficiency occurs
near 5 kHz delta frequency, although the maximum
torque/Amp occurs at a much higher delta frequency. After
the first 5 kHz, the motor efficiency remains quite constant
as the current is quite close to the reference waveform, but
the inverter efficiency continues to decline as its switching
frequency increases. By looking at the power curves (figure
10), at low delta frequencies, the losses are large, but above
30 kHz, there is little to be gained in increasing the delta
frequency further. Operation at frequencies above 40 kHz
will place the fundamental frequency of the audio noise of
the current control above the hearing range.

When using an IGBT, a slightly higher voltage drop of 2.5
V was assumed for the simulation, in comparison with 2.4
V for the bipolar darlington transistor [16], but a much
faster turn on and off time of approxXimately 80 ns was
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2.6 The Effect of the Turn-off Delay

The storage delay of the bipolar Darlington transistors
ensures that the transistor remains on after the base goes
low. The effect is that the current will increase in
magnitude, and hence the total torque produced will increase.
Simulation results are shown in figure 16. The simulation
also showed that there is a 12% increase of the average
switching frequency with 20 us turn off delay compared to
with no turn off delay.

3.0 Conclusion

The delta current characteristics have been examined to allow
design guidelines for the inverter to be formulated. Because
of the good agreement between the experimental and
simulation results, the equivalent circuit model of the motor
has been validated and can be used to choose the inverter
parameters. An analytical expression for the minimum delta
frequency for good torque control has been developed, as has
an equation to determine the peak current rating required for
the inverter. The required thermal rating of the inverter can
be calculated from the delta frequency at zero motor speed
with the rated current through the inverter transistor. The
supply voltage can be determined from the maximum motor
speed required. The inverter used fast bipolar darlington
transistors with a 10 us turn-off delay, which attects the
controller operation. The effects of the turn-oft delay have
been examined and has been shown that it increases the
torque.
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Figure 16. Electric torque as a function of the turn off delay.
4.0 Appendix
4.1 Switching Loss

As a conducting transistor turns off, the voltage across it is
assumed to change instantaneously from Vce(sat)

A

I 1 current

_\ransistor voltage

2V

\Y/

ce(sat)

—>
0 t
time

Figure 17. Transistor current and voltage during turn off.

to the full rail voltage, whereas the current falls linearly 10
zero (figure 17). The turn off energy dissipated in the time t}
is:

Ll
fi(t)v(t)dt =V, 11, ®)

0
The average power dissipation is then;

Vde 1 t
Sde L v ©)

g
This equation applies for both the turn on and turn off
situation.
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4.2 Electronic Torque Estimator Board

Since it is ditficult to measure the shaft torque harmonics
directly due to the inertia of the system and the frequency
response of the torque transducers, an electronic circuit has
been developed which multiplies the measured phase currents
with the stored back emf wavetorm corresponding to each
phase. The signals from the three phases are then summed to
give a signal proportional o the instantaneous electric
torque. This signal can be analysed with a Fourier signal
analyser to give the torque harmonic spectrum.

transistor

4.3 Non-complementary inverter

switching.

If the current is not in the process of changing sign, the
current in a phase of the motor is being carried by either a
transistor or diode of the corresponding inverter leg. At no
stage do both transistors conduct. A common approach is
that as one transistor is turned off the other is tured on (and
visa versa). In general transistors turn on more quickly than
they tumn off, hence there is a danger that a shoot through
fault will occur. A protection method is to apply a turn on
delay, but this interferes with the current control and also the
length of the turn on delay required is transistor dependent.
An alternative protection method is that of non-
complementary switching, in which only the inverter
transistor corresponding to the sign of the reference current
is switched. That is, if the reference current is positive, only
the upper inverter transistor will be switched. The other
transistor of the same inverter leg is not turned on during
that reference current half cycle.

4.4 Motor Parameters

L=1.6mH
R=07Q
K = 0.0294

4.5 Motor Torque

The required motor torque can be determined directly from
the reference current amplitude and motor speed.

Required torque =3 irms €rms %
m

= 0.0441 Iy wr %
m

= 0421 Iy (14)
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