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System Simulation of a PMSM Servo Drive Using Field-Circuit Coupling
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In the development process of electrical drive trains, consisting of a motor, the power electronics and the control scheme, it is difficult to
predict the exact machine and control behavior in combination with the converter. Therefore, system simulations with analytical machine
models embedded in a circuit simulation environment are performed. In order to increase accuracy by paying attention to parasitic
machine effects caused by e.g. saturation or slot harmonics, a Finite Element model can be used instead of the analytical machine model.
In this paper such a field-circuit coupling is applied to the simulation of a permanent magnet synchronous machine servo drive and the
results are shown and discussed.

Index Terms—Circuit simulation, electromagnetic coupling, finite element methods, permanent magnet machine, simulation.

I. INTRODUCTION

W ITHIN the design process of electrical drive trains the
system simulation represents an important step. Be-

cause servo drives do not only consist of the electrical machine
but also of the power electronics and the control, it is necessary
to consider all corresponding parts to achieve a proper operation
in all working points. Especially for complex control strategies
like self-sensing where saturation and inverter influences have
to be taken into account this becomes very important [1], [2].
With circuit simulation software it is possible to combine the
converter and the control with an analytical representation
of the machine. Since the magnetic circuit of the machine is
typically designed with the help of Finite Element Analysis
(FEA) in order to develop high power, highly efficient, or low
noise machines [3]–[5] it is reasonable to take the FE model
into consideration, which can substitute the analytical model
for a more precise simulation. Especially for machines that
operate in magnetic saturation and for those with concentrated
windings that do not entirely fulfill the assumption of a si-
nusoidal winding distribution [6] this simulation method can
improve accuracy compared to a dq-model based simulation.
In this paper a system simulation of a PMSM servo drive is
presented. The used circuit simulator (CS) is PLECS associ-
ated with the block diagram oriented simulation environment
Matlab/Simulink (AS). For the FEA an IEM in-house software
(www.iem.rwth-aachen.de) is applied. After an introduction
to the simulated components and the appropriate simulation
methods at hand, the system simulation is performed and the
results are shown.

II. SIMULATION ENVIRONMENT

All simulation components are embedded in Simulink, i.e. the
machine control, the CS, the FEA, the electrical and mechan-
ical equations together, and the trigger control that forces a new
extraction of a set of lumped parameters representing the elec-
trical machine (Fig. 1). The dashed box represents the field-cir-
cuit coupling (FCC). In the following the single components are
enlarged and the parameter and signal exchange is explained.
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Fig. 1. The overall simulation environment.

A. Lumped Parameter Extraction From FEA

Whenever the trigger control sends a signal, a new set of
lumped parameters must be extracted from the FE model. For
the device under test, a continuous evaluation of the energy
flows of the electrical as well as the mechanical domain ensures
a smooth extraction of the parameters [7], which is based on the
balance of energy of the electrical machine, as presented in [8].
The three-phase PMSM is represented by an inductance matrix

of self and mutual inductances with dimension 3 3 and a
vector of motion induced voltages with dimension three. The
flux induced voltage of phase is given by the time derivative
of the flux linkage (with implicit summation over ) as the
difference of the terminal voltage and the ohmic voltage drop

:

(1)

Herein, is the remanence flux embraced by the
permanent magnets being a function of the angular position of
the rotor , and is the flux linkage in
phase depending on the current carried by phase
and the rotor position . Applying the differential operator in
(1) yields:

(2)

The first term of (2) expresses the induced voltage by the flux
linkage described by the inductance matrix and the second
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term the motion induced voltage with the speed normalized elec-
tromotive force (emf) .

1) Extraction of the Inductance Matrix: Let

(3)

with the right hand-side (implicit summation over )

(4)

be the nonlinear 2D FE equations describing the PMSM with
permanent magnet excitation and stator currents. Herein, is the
current density and are the shape functions of the degrees of
freedom i.e. the nodes. The magnetic vector potential is given
by and is the nonlinear system matrix arising from the
Galerkin scheme, see [9]. In 2D, the current shape functions
become with being the turns of phase and

the corresponding turn area. Following (4), is defined as
the current shape vector with respect to phase .

Now, let be the currents at time , and the
corresponding right-hand sides. Solving (3) with and a
fixed rotor angular position gives and a first order
linearization around this particular solution writes

(5)

with the Jacobian matrix . Since
, one has

(6)

One can now repeatedly solve (6) with the right-hand sides
obtained by perturbing one after the other

phase currents and obtain solution vectors for .
Since (6) is linear, the magnitude of the perturbations is
arbitrary. One can so define by inspection the inductance matrix

of the electrical machine seen from terminals as

(7)

with

(8)

2) Extraction of the Motion Induced Voltage: One can now
complement (2) to account for the emf:

(9)

with . The direct computation of the derivative
requires to slightly shift the rotor, remesh, solve the FE problem,
evaluate new fluxes and calculate a finite difference. In order
to avoid this tedious process, one can again call on the energy
principles. One has

(10)

where is the torque and is the magnetic energy of the
system. During the identification process described above, it is
thus easy to calculate additionally the torque corresponding to

the perturbed solutions , and to evaluate the motion
induced voltage of each phase as the variation of torque
with the perturbation of the corresponding phase current .

Beware however that, as the torque is a nonlinear function
of the fields, the perturbations need in this case to be small.
Because of the linearity of (6), one may scale the perturbation
currents in (10) which yields:

(11)
Herein, the scale factor is chosen between .

B. Trigger Control

The trigger control is an important aspect of the field-circuit
coupled simulation. Herein, the time step of the FEA is deter-
mined. The implemented FCC is based on the weak coupling
implying different steps for the circuit simulations and the FEA.
This may save a lot of computational effort since the time con-
stant of the field domain usually exceeds the time constant
of the circuit domain by orders of magnitude and thus the
relation for the time steps is . The simplest
approach for trigger generation is using a fixed step size. But if
e.g. the currents are changing relatively fast, the lumped param-
eter representation of the machine would change significantly,
especially if the machine operates in saturation. On the contrary,
if the operating point is not or even slowly changing, an unnec-
essary, time consuming, extraction of a new set of lumped pa-
rameters may be forced.

A more reasonable approach is to adapt the time step. This
can be done by energy considerations. Whenever the energy in
the system is changing by a certain amount the trigger control
enforces an extraction of a new set of lumped parameters from
the FEA. The energy in the system is subdivided in four parts,
which are calculated as follows (with implicit summation over

).
The electrical energy is given by the terminal values and
:

(12)

The ohmic losses of the windings have to be considered as well:

(13)

The energy

(14)

represents the magnetic energy stored in the field of the ma-
chine’s coils. The mechanical energy is calculated by rotational
speed and torque:

(15)

A new trigger signal is now generated at the time of the
last valid parameter extraction when the overall energy

changes by a given specific threshold , e.g., :

(16)
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Fig. 2. Reducing of circuit elements to solve overdetermination.

with

(17)

and

(18)

To ensure that position dependent influences are not neglected
if the energy change remains below , an additional trigger con-
dition for the position is applied

(19)

where is the change of the rotor position
and a predefined difference angle. After a trigger signal has
been sent the time is set to the new time .

C. Electrical and Mechanical Equations

Electrical Equations: The line currents of the machine are
calculated by (1) and (2) after being transformed to

Since there is no zero phase-sequence system, the current
equation above is overdetermined if solved independently
for each phase. To solve this overdetermination the system is
transformed as shown in Fig. 2. Now, only two phase currents
are calculated whereas the third is given by Kirchhoff’s law.
This is implemented within the simulation block “Electrical
equations.” The terminal voltages are provided by the inverter
represented within the circuit simulator. The currents are sent
back to the circuit simulator and given to the FEA as well.

Mechanical Equations: As aforementioned, the time steps of
the FEA and the AS parts are different. Therefore, it is necessary
to calculate the speed and position angle of the machine
outside the FEA to obtain a smooth curve. This is done by the
mechanical equations

(20)

Fig. 3. Startup operation—speed.

Fig. 4. Startup operation—currents.

(21)

where is the moment of inertia, the electrical torque of
the machine, the machine’s load, and the speed de-
pendent losses. The electromagnetic torque is calculated by the
FEA which in turn is fed by the phase currents and the rotor po-
sition .

D. Control

Operating a PMSM servo commonly requires a closed loop
control. Here, we use a PI cascade with an inner torque and an
outer speed control. The duty cycles for the PWM are generated
by a space vector modulation [10].

III. RESULTS

For the verification of the described field-circuit coupled sim-
ulation approach a system simulation of a PMSM drive train is
performed and compared to a simulation with an analytical rep-
resentation of the machine. The analytical model is fed with data
sheet parameters whereas the FCC gets the machine parameters
by the lumped parameter extraction introduced in chapter II-A.

For the test condition a startup operation with no load (except
friction) is simulated and the speed and the phase current
of the analytical machine representation is opposed to these of
the numerical machine representation (Fig. 3 and 4).

It can be seen that there are only minor deviations between the
two simulation approaches. In the current plots a higher noise is
observable. This is because of the saturation effects of the ma-
chine material which are not considered in the analytical ma-
chine representation. A closer look on these effects is given by
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Fig. 5. Startup operation—FFT analysis of currents.

Fig. 6. Torque vs. current at short circuit operation (comparison).

the FFT of the steady state currents is given
in Fig. 5. The influence of the PWM supply is clearly visible at
4 and 8 kHz. Here, the current amplitude of the FCC simulation
is double the amplitude of the analytical simulation. This em-
phasizes the saturation effect that results in lower inductances
than given in the data sheet. Furthermore, cogging and slotting
effects are reflected in the frequency range below 1000 Hz that
are omitted in the idealized analytical simulation. Another con-
ducted experiment is the short circuit operation that blinds out
the effects of the control and the inverter driven voltages. In
Fig. 6 the machine torque vs. the speed is plotted. Additional
to the two simulation methods a measurement is given as well.
The analytical simulation gives a maximum breaking torque of
approx. 7 Nm whereas the numerical simulation shows over 12
Nm. This bases again on the saturation, since the short-circuit
current is higher at a smaller reactance. Compared to the ana-
lytical simulation the numerical simulation shows a good corre-
lation to the measurement. Nevertheless, there are some devia-
tions that call for further investigations.

IV. CONCLUSION

This paper presents the system simulation of an electrical
drive train by means of a field-circuit coupled approach and ex-
plains the basic principles. Within the simulations an FE model
of a PMSM is combined with a circuit simulation tool. This ap-
proach considers nonlinearities, saturation effects, mutual mag-
netization influences of the d- and q-axis, etc., whose inclusion
in analytical models is hardly to accomplish. By means of a
start-up simulation the numerical representation is compared to
an analytical representation of the machine. A short-circuit op-
eration is simulated as well and compared to a measurement.

The experiments show promising results with regard to im-
provement of simulation accuracy. In future works the method
will be further evaluated by comprehensive simulations and
measurements. The influence of material properties as well as
the capabilities for loss calculation or fault simulation will be
investigated. Furthermore, tolerance in the machine construc-
tion (unbalanced magnetization, eccentricities, ) that result
in asymmetrical behavior will be analyzed.
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