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Abstract. A permanent magnet synchronous motor drive using a prototype 6 pole 3 kW inset magnet motor is
presented. The drive is controlled by a DSP based control board that can be programmed using the
MATLAB®/SIMULINK® software. To investigate the influence of saturation, an accurate measurement procedure based
on load tests is described. This method benefits from the 1/O features of the development environment. The theoretical
performance limits of the motor are determined using optimal torque control. Finally, aspects of controller design,
simulation and implementation are briefly discussed.
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INTRODUCTION

With the introduction of permanent magnets with a high flux
density as well as a high coercivity in the late eighties,
synchronous motors with permanent magnets became an
attractive alternative for application in high performance
variable speed drives. In the power range of a few kW to
several tens of kW, the sinusoidal excited permanent magnet
synchronous motor (PMSM) is preferred. It has better
characteristics than the brushless DC motor with square wave
currents, especially when a large constant power operation is
required. Furthermore, advantage can be taken of the
additional reluctance torque when direct and quadrature
reactances have different values. In designs with inset and
interior magnets, usually X, is smaller than X,

In this paper, a motor drive with a prototype PMSM with inset
magnets and flux weakening capabilities is described. As the
magnetic parameters of inset and interior PMSMs depend on
the saturation level, an accurate measurement procedure based
on load tests is developed. The results are compared to
numerical calculations from a finite element model. For the
prototype motor, the theoretical maximum performance over
the entire speed range is determined. For the instantaneous
torque control, a commercially available DSP based
environment is used. A standard VSI-PWM invertor with
IGBTs is adapted to be commanded by the DSP control board.

PERMANENT MAGNET SYNCHRONOUS MOTOR
MODEL

Permanent magnet synchronous motors are usually modelled
in the rotor reference frame, i.e. Park’s d-q model. In this
synchronous reference frame, the PMSM without rotor
damper cage is generally described by the following set of
equations.

i
u, = Ri, +Ldﬁ—quiq (1)

di
u, =Ri, +L, d_: +al,i; + oW, )

where ® is the electrical angular speed and v, is the
permanent magnet flux. The electromechanical torque can be
expressed as follows:

Te = p['//Mdiq - (Lq - Ld )idiq] (3)

This model neglects rotor damping and iron losses. However,
it can be adapted to take stator iron losses into account [1],[2].

The prototype motor used in the simulation and experiments is
a 3 kW permanent magnet synchronous motor with sinusoidal
currents. Figure 1 shows the layout of the rotor. This motor
type is referred to as a surface-inset PMSM [3] and combines
some advantages of both surface mounted and interior
permanent magnet motors. From the rotor geometry it can be
seen that the direct axis inductance L, is smaller than the
quadrature axis inductance L,. This results in an additional
reluctance torque as indicated in equation (3) and allows for
maximum torque-per-Ampere control and an extended flux
weakening range [4]. The phasor diagram for motor operation
is shown in figure 2. The phasor diagram represents a
stationary regime, hence effective values for currents and
voltages are used (indicated by capitals).

Figure 1 Stator and rotor geometry of the 6-pole prototype inset
PMSM with the rotor d-axis aligned with the magnetic axis
of the reference stator phase.
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Figure 2 Phasor diagram of a PMSM.

DETERMINATION OF MAGNETIC PARAMETERS
AND INFLUENCE OF SATURATION

The optimal control of permanent magnet synchronous motors
requires the accurate knowledge of the machine parameters.
Generally, the magnetic parameters depend on the saturation
level. For machines with interior magnets, all magnetic
parameters (L, L, and ,, ) show a significant variation with
load current [2]:

o L;(iy);
o L,y
* VYu (lq)

Due to saturation, also interaction between d-axis and g-axis
(cross-coupling) can occur [5], however, these can be
considered as second order effects [6],[2]. Moreover, for the
inset magnet type PMSM, only an important variation of L,
with i, is expected.

Several methods for measuring the d/q inductances of
permanent magnet machines at different current and thus
saturation levels have been reported in literature [2],[7],[8].
They can be classified in three categories:

e static tests;
e load tests without load angle measurement;
e load tests with load angle measurement.

Static Tests

In [2] it is shown how the parameters for different load
currents can be obtained combining static and no-load tests,
without measuring the load angle. However, this requires the
use of a special inductance bridge operating with a DC
voltage. As an alternative, it is investigated here if L, and L,
can be determined accurately from the phase inductances.
With an ordinary inductance bridge, the phase inductance
values are measured directly at the machine terminals for
different rotor positions (figure 3).

The d/q machine model is based on a sinusoidal variation of
the inductance values. Therefore, a Fourier transform is
performed and only the constant value and the first harmonic
are taken into account (figure 4).

According to figure 4, the d/q inductances can be written as
3 '
L, :LO‘+E(L0_L2) 4)

L,=L, +%(L‘o +L,) Q)

The leakage inductance can not be separately determined from
experiments. As a consequence, the d/q inductance values can
only be approximated as

.3
Ld:ELO" (6)
.3

Ly =3 Loy )

It can be shown that the theoretical error is of the order of half
the leakage inductance.

A second method to determine L, and L, from static tests is
based on the d/q transformation matrix equation.
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Figure 3 Measured phase inductance values as function of rotor
position for the motor shown in figure 1.
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Figure 4 Measured values, constant value and first harmonic of the
phase inductance value as function of rotor position.
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with L the stator inductance matrix

L aa L ab L ac
L={Ly, Ly Ly ©)
Lca ch Lcc

For an arbitrary rotor position, the three phase inductance
values are measured, as well as the inductance of two phases
in series.

1

Lab = _E(Labs _Laa _Lbb) (10)
1

Lac = _E(Lacs _Laa _Lcc) (11)
1

Lbc = _E(Lbcs _Lbb _Lcc) (12)

The results are summarized in Table 1. There is a relatively
large difference for the calculated values for L, between the
applied methods. It can be concluded that the investigated
methods give only an idea of the magnitude of the
inductances, but are unreliable for accurate modelling the
motor.

Load Tests

It has been shown in [Chalmers85] and [Stumberger97] that
accurate inductance values from load tests, including the
variations due to saturation, can only be obtained after a
considerable amount of measurement data processing to
reduce the effect of random errors. The procedures described
in [Chalmers85] and [Stumberger97] are modified, requiring
less measurements and measurement data processing without
loosing accuracy. The measurement set-up is shown in
figure 5 and uses the same DSP environment as for the
control, which is described later in this paper. The machine
under test is driven by a DC machine and operates as a
generator.

The originality of the procedure lies in the fact that all data
necessary to reconstruct the phasor diagram, including the
load angle 8, are obtained from the registration of the voltage,
the current waveforms and an encoder signals during one or
two periods (figure 6). The inductance values are calculated
using the fundamental currents and voltages. The data from
the digital power analyzer are averaged data over several

TABLE 1 - d/q inductance values obtained from static tests

via directly via Ly and via
Inductance measured Lo Log-from first inductance
and Lo harmonic matrix
L, (mH) 8,73 9,04 7,35
L, (mH) 11,57 11,93 11,99
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Figure 5 Measurement set up to determine the d/q model inductance
values from load tests.
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Figuur 6 Rotor position, measured terminal voltage and calculated
fundamental voltage for the reference phase of the PMSM
(f=50 Hz, 7,6 A, §=-40,2°).

periods and serve only as a check. Mixing these values with
values obtained from the captured waveforms could introduce
errors in the final results. Curve fitting to evaluate saturation
influence on parameters is only necessary on the final results
and not in the intermediate calculation steps, as required in
[Stumberger97]. The results for the machine with inset
magnets are summarized in Table2 and Table 3. The
recalculated inductances from the measurement data are in
general higher than the values obtained from numerical
calculations using the flux linkage method [5]. This is because
the latter do not include the end winding leakage.

TABLE 2 - Inductance values and torque calculated from
measurements at different currents and load angles.

1(A) 5 (°) L;(mH) L,(mH) 7, (Nm)
39 -21,5 8,8 14,8 -5,06
5,5 -30,1 8,8 15 -7,12
7,6 -40,2 8,9 15,1 -9,33
8,1 -42.3 9 14,9 -9,73

TABLE 3 - Inductance, load angle and torque values obtained from
numerical calculations (inset magnet motor).

I(A) 5 (°) Ly(mH) L,(mH) T (Nm)
39 -21,34 8,43 14,87 -5,04
5.5 -29.,44 8,52 14,87 -7,05
7,6 -38,65 8,38 14,88 -9,25
8,1 -40,71 8,36 14,88 -9,68



Theoretical, the difference for L, and L, must be identical.
However, in Table2 L, and L, are calculated from the
measured data which include the effect of stator core losses.
Adjusting the phasor diagram [Honsinger98] and recalculating
the motor parameters results in slightly higher inductances,
with a larger increase in L, than in L.

It can be seen that for this specific prototype motor, the
inductances are constant, indicating that the level of saturation
in d-axis and g-axis remains constant. However, in [10] it is
shown that it can occur that for a similar rotor design, the g-
axis inductance decreases as g-axis current increases due to
the saturation in the stator. This strongly affects the
performance and control of the motor.

PERFORMANCE CHARACTERISTICS USING FLUX
WEAKENING

The optimal control of PMSMs with L, < L, takes advantage
of the reluctance torque by introducing a negative direct axis
stator current component. This results in a maximum torque-
per-Ampere trajectory in the i, - i, plane (figure 7), given by
the following equation:

2 _ 2 Wiy
i =i, - (13)
‘ L,-L,

For stationary operation, the current is limited by the rated
motor current /, resulting in rated torque The motor voltage is
limited by the power electronic inverter. This implies that for a
given rotor speed, the current vector must lie within a
corresponding boundary. When stator resistance is neglected,
this limiting curves are ellipses decreasing in size when rotor
speed increases [4].

2
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As a consequence, rated torque can not be maintained above
the speed at which the voltage limit ellipse intersects the
maximum torque-per-Ampére trajectory. This speed is the
base speed of the motor.

3 2, (13)

wrb - 2 . > 5
L, igy + {;J (idh + WLMdj
q d

Reducing the current along the maximum torque-per-Ampere
trajectory above base speed results in a fast decrease of output
torque. As an alternative, the operating point can be forced to
leave the maximum torque-per-Ampeére trajectory along the
current limit circle resulting in further flux weakening at
maximum current (figure 7). The high speed operating region
is considerably extended using the flux weakening algorithm.

The maximum speed is reached when all stator current is in
the direct axis and is given by

2U
@, =\E b (16)
L, _\/§1Nx + Viia
Ld

The maximum speed becomes theoretically infinite when

mz'\/EIN :imax (17)
Ld

The factor \/g in (17) as well as 3/2 and v3/2 in (14), (15)

and (16) are due to the use of the power invariant form of the
Park transformation.

Introducing the voltage limited maximum power curve,
without regarding the current limit [11], the current can be

reduced at very high speeds when w,,, /L, < NEY; v - In this

case, the control trajectory yielding maximum output at all
speeds is indicated in figure 8. Calculated results for the
prototype motor are shown in figure 9. The results are
obtained using The motor parameters are summarised at the
end of this paper.
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Figure 7 Constant torque hyperbolas, maximum torque-per-Ampeére
trajectory, current limit circle, voltage limit ellipses and
optimum current trajectory when Wuw/Ls> imax.
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Figure 9 Torque hyperbolas, voltage limit ellipses, current limit
circle, maximum power and maximum torque-per-Ampere
trajectory for the prototype motor.



EXPERIMENTAL SET-UP

The motor control is implemented using a DSP based
controller board with additional I/O features and an encoder
interface (dSPACE DS1102). This is a

MATLAB®/SIMULINK® based development environment.
The laboratory test drive further consists of a host PC for the
controller board, an IGBT inverter and the prototype motor ,
current sensors and an incremental encoder (figure 10).

The heart of the controller board is a TMS320C31 digital
signal processor. A slave processor is used to perform the
digital input and output signals and generate the PWM signals.
The controller board can be directly programmed using
MATLAB®/SIMULINK®. Motor currents are measured using
LEM sensors and fed to the control board. These signals
should be be filtered either analog or digital. Due to the
parasitic capacitive currents and the fact that the analog filters
can not be placed close to the inputs of the A/D converters,
digitally filtering is preferred here. Phase shift introduced by
the filter can be corrected if necessary by adapting the
transformation angle from the stator to the rotor reference
frame. The position is measured using an incremental encoder.

The inverter used is a modified standard VSI-PWM inverter
with IGBTs. Only an interface to galvanically isolate the
control board from the inverter is added. The PWM switching
signals are fed directly from the slave processor to the inverter
using a high performance optical link, allowing to keep the
inverter and drive several meters from the PC with the control
board.

The optimal torque control algorithm determines reference
values for direct and quadrature axis currents. The PWM
generation scheme implemented in the slave processor is
based on phase voltage reference values. Therefore, these
reference values are determined using a decoupling network
and the inverse Park transformation. Both subharmonic PWM
generation as a space vector modulation are implemented.

Figure 10 shows a block scheme of the experimental set-up.
The dotted frame indicates the functions implemented on the
controller board. The PWM frequency is chosen to be 10 kHz.
The current sample period has to be a multiple of the PWM
period or can be equal when the DSP can handle the algorithm
at that speed.

CONTROLLER DESIGN AND SIMULATION

To design the controllers and simulate the entire drive, it is
necessary to take the power electronic converter into account.
A power electronic system can be modelled in different ways,
or, as often encountered, not modelled at all. The level of
modelling to be considered depends on the purpose of the
simulation. For control design purposes, the invertor can be
simply modelled by a delay. It is shown that for the
subharmonic PWM a general delay time of 7,/3 is adequate,
where T, is the PWM period [12].

As the drive is controlled by a DSP, it is to be considered as a
sampled data system. There are different approaches to model
these systems [12], [13]. One possibility is to use a discrete
model [14], using the z-transform and to carry out the
controller design in the z-domain. To enable the use of
frequency response methods, a second transformation is
necessary (bilinear transformation). Alternatively, carrying out
the initial design using continuous methods can serve as a
guide for a direct discrete design. The performance of a
system when it could be realised with continuous hardware, is
a target for how well the digital system should perform and
assists in selecting the sample rate. As shown in [12], under
certain conditions a sampled data or discrete system can be
treated as a pseudo-continuous system. This has the
advantages with respect to the applicability of optimal control
formulations. The effect of A/D and D/A converters, as well
as the execution time of the control algorithm itself are taken
into account by using equivalent continuous transfer functions.
The designed optimal controllers can be directly converted to
their discrete equivalents.
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Figure 10 Experimental set-up. Functions implemented on the DSP-control board are indicated by the dashed line.



Simulations of the drive are performed using
MATLAB®/SIMULINK®. Classical controllers, i.e. PID are used
for the drive. Combined with the pseudo-continuous
modelling, this has the advantage that well-known
optimisation criteria can be applied.

CONCLUSIONS

A permanent magnet excited synchronous motor drive is
presented, using a inset magnet 6-pole prototype motor with
L;<L, Methods to experimentally determine the d/q
magnetic parameters from both static and load tests are
investigated. The results from static tests have shown to be
rather inaccurate. The best results are obtained using load tests
with simultaneous registration of phase voltages, currents and
rotor position and reconstruct the phasor diagram using the
fundamental values. The theoretical limits of the drive
considering rated motor current and voltage inverter limit are
resumed. The optimal torque control is implemented using a
MATLAB®/SIMULINK® based DSP development environment,
using an optic fiber link to control the IGBT inverter. Various
PWM algorithms can be programmed. Finally, aspects of
modelling a sampled data system and designing the controllers
using both continuous and discrete methods are discussed..

Appendix
PROTOTYPE PMSM DATA

Number of poles 2p 6
Power P 3 kW
Rated speed n, 1930 rpm
Rated current I 10,6 A
Rated torque T, 15,3 Nm
Stator resistance R 0,76 Q
d-axis inductance Ly 8,8 mH
g-axis inductance Ly 15 mH
Magnet flux Vit 0,256 Vs
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