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Abstract — A vector-controlled permanent-magnet (PM)
synchronous machine has been modeled and simulated in
both the motoring and generating mode of operation. The
control provides for the maximized torque and, therefore,
maximum efficiency during motoring, and for a
controlled power, tight voltage regulation in the presence
of load changes, and minimum bus voltage ripple at the
output of an ac-dc converter during generation. A three-
phase phase-locked loop is used to provide the unity
vector information in both the sensor-based and
sensorless scheme. The results of the simulation are
presented, including meodeling details and simulation
parameters.

Index Terms -~ Vector-based synchronous machine
control, 3-phase phase-locked loops.

I. INTRODUCTION

Although synchronous machines with a wound rotor
field are used in higher power rating applications, the
advances in permanent-magnet (PM) materials result in
an increased use of PM machines in applications up to
several tens of kilowatts. Due to the nature of torque
production mechanisms, the PM machines used in the
motoring mode are usually referred to as “brushless
dc” motors. Indeed, it can be shown [1] that for either a
PM or a wound-rotor synchronous machine used in the
motoring mode, the electro-mechanical torque, Ty, is
produced in a manner analogous to that of a dc
machine (1).

Tem = Ktlisind (D

In (1), 6 is the angle between the phasor of the flux,
®,,, in the phase-a of the stator (due to the stator
current whose phasor is I,), and the phasor of the
rotor/field flux in the same phase, ®y, (due to either
the PM or the wound-rotor field); I is the peak of the
stator phase current; Kr denotes a machine/torque
constant wherein (for a 3-phase motor) Ky =
(3/4)po ND; ., where p is the number of machine poles,
o, = 2xf, is the radial (synchronous) frequency of the
voltage applied to the stator windings, N, is the number
of turns in each phase of the stator windings, and ®; is
the peak, i.e. the amplitude/length of the flux phasor
@ In the Norton representation of the machine
equivalent circuit. neglecting stator winding resistance.
the torque/power angle. an angle between the generated
voltage / back-emf and the terminal voltage. is equal to
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the angle between I, and a phasor of the current of the
Norton source [2-4]. The analogy with a dc motor is
seen in evaluating (1) in the case of a phasor diagram
of the synchronous machine having & = 90°, shown in
Fig. 1, which results in the dc motor relationship

Tem = K1l 2)

It is because of the straightforward torque control.
implied by (2), that the synchronous machine is
electronically commutated to maintain & equal to 90°,
which effectively reduces to the so-called decoupling,
i.e. to enforcing the 90° phase difference between the
rotor field and the filed due to the stator currents. At
the same time, (2) implies the maximum torque
production and, consequently, the maximum
efficiency, i.e. the maximum electrical power supplied
to the machine gets converted into the mechanical
power, Py, available at its shaft, at a given rotor speed
o = (p/2)w,, as Pey=Tenw(2/p).
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Fig. | Phasor diagram of a decoupled synchronous machine

From the phasor diagram of Fig. 1, it is seen that by
enforcing the field decoupling, the stator current phasor
I, gets alligned with the phasor of the back emf (in the
case of the motoring mode), that is with the phasor of
the generated emf (in case of the generating mode) in
the corresponding phase, Eg,, maximizing the generated
power (in case of the generating mode), as between the
two (between the mechanical power. P., ., and the
electrical power, P, ). for a 3-phase machine and
neglecting both the mechanical and electrical losses.
there exists the relationship below [ 1].

P.. = P. = 3E,Lcos[6-(n/2)] (3)



It is, therefore, of interest to use the vector control to
maintain the field decoupling (8 = 90°) in the motoring
mode, and to control the power in the generating mode
of operation of a synchronous machine.

In the former case, the control yields the maximum
torque production, as evidenced by (1), maximizing the
machine efficiency for given electro-mechanical losses;
in the latter it results in the control of the generated
power, as implied by (3).

While, depending on the control criteria, there exists a
vast number of schemes for realizing the synchronous
machine control, a fraction of which is in [6-13], the
approach evaluated here is based on the criterion of
maximum  torque-per-umit-current ie. maximum
efficiency, and on the control of the generated power,
using the same basic control blocks in realizing the
vector control in the two operating modes (the
motoring and generating mode) of a PM synchronous
machine rated at 80 kW of continuous power, and used
in an aerospace application.

A computer model of the machine control in both
modes of operation is presented, followed by the
simulation results and conclusions.

II. THE MOTORING MODE

In the motoring mode, the control is based on
providing the filed-decoupled operation, illustrated by
the phasor diagram of Fig. 1, for maximum torque per
unit current, i.e. maximum efficiency, whereby the
block diagram of Fig. 2 is used.
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Fig. 2 Block diagram of the control in motoring mode

In Fig.2, the sensed machine current is transformed
into the synchronous frame using an improved 3-phase
PLL. described in [2], wherein the PLL can use either
shaft-sensor signals. H, . .or receive the sampling time
information, T, . and the synchronous-frame
information, Iyq. in a sensorless case, to generate the
unity vector waveforms sinf & cosd, where the phase

angle @ tracks the phase of either H, or I,. respectively.
The d.gq current vector is used to provide the feedback
information to close the control loops in which the d-
axis current reference is obtained from an outer loop in
which a command/reference angular speed g (Of)
is compared to the feedback angular speed information,
w=d6f/dt, supplied by the PLL (or machine model),
while the g-axis reference is forced to zero, as required
by the field-decoupling operation of Fig. 1. The result
of the two inner loops processing the Iyq vector is the
Vaq vector which, together with the unity vector, e,
supplied by the PLL, is used to produce the stationary-
frame voltage vector, Vieim (VRealimsg). A 3-phase
(time-domain) version of the V. im vector is used in the
space-vector pulse-width modulation (SVPWM) block
to produce the gating signals to drive the active
switches in the inverter bridge. The dc bus
voltage/current information (Vg, I) is used to limit
the power to the machine.

While the modeling and simulation of other blocks of
Fig.2 has been referred to in [14, 15], Fig. 3 provides
details of the model of the block of Fig. 2 used for
closing the loops, the dgq current-to-voltage
transformation, and the V44 -V, im transformation.
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Fig. 3 Modeling the loop closure and the d.q - Re,Im
current-to-voltage transformation in motoring mode

While the object of the control (the controlled variable)
are the three-phase currents I, (shown in Fig. 2), the
commanded speed profile is followed in the outermost
loop of Fig. 3. The angular shaft position of the
machine (represented with the electro-mechanical
model enabling closing the loops), and/or the electrical
angle/phase of the three-phase currents are used to
provide additional feedback to close (some of) the
inner feedback loops. Whether the sensor-based or
sensorless scheme is used. the unity vector sine/cosine
signals of Fig. 3 are used to provide the necessary



reference  for the complex-number/vector-frame
transformations shown. As mentioned, the control
enforces field decoupling in the machine, ie. it
enforces that the stator current (stationary) vector
and the associated flux vector are in phase with the
back emf vector, and 90° ahead of the rotor flux
vector. This enforces maximum torque production
(consequently maximizing the efficiency) as its
mechanisms are based, as shown in Fig. 3, on the
cross product of the current vector and the rotor flux
vector, involving the sine of the angle between them.
The control is achieved by appropriately switching the
inverter bridge devices to provide the desired phasing
of the three-phase currents delivered to the machine
relative to its shaft angular position.

ITI. THE GENERATING MODE

In the generating mode, in which the synchronous
machine feeds a dc bus through an inverter operated in
the active rectifier mode, the control is based on
controlling the generated power so it does not exceed a
prescribed value, and providing a tight dc bus voltage
regulation in the presence of load changes and
minimum bus voltage ripple.
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Fig. 4 Block diagram of the control in generating mode

The block diagram of Fig. 4 is used. Similarly to the
case of Fig. 2, in Fig. 4 either a sensor-based or
sensorless control can be utilized, with the same
operations in blocks other than the block used for the
loop closures and the d.g — Re./m current-to-voltage
transformation, which maintains the required dc bus
voltage in the outermost loop, as commanded/
referenced by Vi.pa (Viusrer)-

The block is depicted in Fig. S, in which the angular
shaft position of the machine, 6 (obtained from the
shaft speed), and/or the electrical angle/phase of the
three-phase currents are used to provide additional
feedback information, i.e. to close (some of) the inner
feedback loops. Again. whether the sensor-based or
sensorless scheme is used. the unity vector sine/cosine

signals of Fig. 4 are used to provide the necessary
reference for the complex-number/vector-frame
transformations shown.

Current Stationdry Vectyrys
ke

v_Real Vi _Rd ey
<&
< ~3 REAL PN}
£ R N
v_Imag vt_Imy {1 o vector
< K ines
1 e Pk Becil al
Voltage Statl |
Vector - to SVPWN it __.’ L
Eb_Re Chus
e+ I (IC=278V) wdpms
L, £ | = :
vbusref \
S
actual EV. In Voltage e P
e
L sbutipty rret vre Siat fect suso/f
-
Current m @ m Lox
D Stattonary] K A Complex
K :::'l‘" ““Pnase 1 E Numders H
L —~magnitude muttipl 3
+aConjugate L aren Ty o
L hintty - A
Mvector ' oy
=

irer . i Upity
p_fonjugate <~Wgctor
ntty vector 144D Eb_Re* €b_Rel
3 A ool -
in fal S
cos || 1 ! 2 Mvectgr
-sin Vintty S L£oVtm EBJIR

Vector

Fig. 5 Modeling the loop closure and the d.q — Re.Im
current-to-voltage transformation in generating mode

The angle between the stator current vector (i.e. the
associated stator flux vector) and the generated emf
vector is controlled. Bringing the stator current vector
in phase with the generated emf vector (equivalent to
feeding a zero phase input to the sin gen block of Fig.
5), would yield the maximum average/active/real
power, because the mechanisms of the power
production are based, as implied in Fig. 5, on the dot
product of the stator current vector and the generated
emf vector, involving the cosine of the angle between
them. Namely, by definition, and as shown in the
model of Fig. 5, the active/real power is extracted as a
real part of the result of multiplication of the voltage
vector by the conjugate of the current vector, but it can
be shown that a dot product of two two-dimensional
vectors, which are the vectors dealt with here, is
equivalent to that.

On the other side, since the angle & of Fig. | is the
angle between the rotor flux phasor, @, and the stator
current phasor, I, (i.e. the stator field phasor, ®,), and
since this angle is forced to 90° when the current
phasor, I, is brought into phase with the generated emf
phasor, Eg, (Ey), the above described mechanisms of
maximum electical power production in the generating
mode coincide with the maximum value of the result
obtained from (3) for the field decoupled operation
(6=90% of a synchronous machine.

From Fig. 5, in order to control the amount of the
generated power, the d.g current vector is used to
provide the feedback information to close the control
loops in which the d-axis current reference is obtained
from a commanded magnitude, /_in, and the cosine of a
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phase obtained as a result of the processing provided
by the (dc bus) outermost loop, while the g-axis current
reference is obtained from /_in and the sine of the
phase.

The result of the two inner loops, which process the I 4
vector, is the Vyq vector (Vieim), Which, together with
the unity vector, €/, supplied by the PLL, is used to
produce the stationary-frame voltage vector, Vgeal,imag-

Again, a 3-phase (time-domain) version of the
Viestimag VeCtor is used in the space-vector pulse-width
modulation (SVPWM) block to produce the gating
signals to drive the active switches in the inverter
bridge operated in the rectifier mode, so as to control
the conduction angle of the bridge devices as a function
of the actual dc bus voltage, which, in turn, is a
function of load and contains ripple.

The dc bus voltage/current information (Vg.,lg) is
used for closing the voltage and current loop,
respectively.

IV. THE SIMULATION RESULTS

In evaluating the models of Figs. 3 and 5, the Saber
simulator was used.

Fig. 6 shows the developed torque, angular position
and speed during motor start, for the underdamped and
optimally damped control cases.
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Fig. 6 Start-up in the motoring mode

Fig. 7 shows the step load response. The traces are load
torque. motor torque, angular position, and speed.
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Fig. 7 Response to the step load torque (a) increase (b) decrease
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Fig. 8 Hlustrating ficld-decoupled operation in the motoring mode

The field-decoupled operation is shown in Fig. 8. From
the top down, it is seen that the stator current vector.
represented in the time domain with both of its



projections, is in phase with the back-emf vector,
leading the rotor flux vector by 90°. Speed is shown in
the bottom trace.

In the generating mode, Fig. 9 depicts a near-step
response to the load current change. Shown from top to
bottom are the dc bus capacitor current, current drawn
from the dc bus, real power drawn from the generator,
the shaft speed, the load current, and the dc bus
voltage.
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Fig. 9 Response to the load current (a) increase (b) decrease

Fig. 10 shows the response of some of the model
variables to the load current increase. Shown from top
to bottom in Fig. 10(a) are the time domain
counterparts of stator current vector, back-emf vector,
the stationary voltage vector (Vgeaimsg in Fig. 5),
followed by the machine shaft speed, load current, and
dc bus voltage.
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Fig. 10 Hlustrating operation in the generating mode

Fig. 10(b) depicts (from top to bottom) the time
domain waveforms corresponding to the following
variables of Fig. 5: the voltage vector V. im. the current
vector Lyepirer. followed by the phase information for



cos gen & sin gen blocks, the shaft angular phase and
speed, the load current, and the bus voltage.

In most of the simulations, the algorithm selection tab
had to be appropriately adjusted in order for the
simulation to converge to a solution. Typically, the
settings were: Target Iterations = 9 (default is 3), Max
Newton Iterations = 300 (default is 100), and Newton
Step Density = 5 (default is 1).

V. CONCLUSION

The modeling and simulation of a vector-controlled
synchronous machine in motoring and generating mode
has been presented. In particular, the model of the
synchronous current vector to stationary voltage vector
transformation incorporating the internal closing of the
loops is discussed in each case, and the simulation
parameters and results are shown verifying the models
and demonstrating the required machine operation. The
machine is controlled for a maximum torque-per-unit-
current in the motoring mode, and for the prescribed
power production in the generating mode, using mostly
the same control building blocks.
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