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Abstract— In the control of electric drives, inaccurate
estimation of the motor parameters affects the robustness
of the control. This effect is observed particularly when the
linear lumped parameter-based models are employed to
represent a machine composed of nonlinear magnetic
materials. Finite element (FE) models consider the material
nonlinearity accurately. However, implementing these
models in a real-time system is challenging due to the
computational burden. In this paper, we propose a fast-
dynamic model, based on a model order reduction method,
to control a permanent magnet synchronous machine in a
wide range of speed. The stator currents in the rotor frame
of reference are given as inputs to a reduced FE model,
which computes the nodal values of the magnetic vector
potential and thereafter the flux linkages. A discrete-time
model is used to control the rotor speed and the stator
current components. Experiments on a 2.2 kW interior
permanent magnet synchronous machine verify the
viability of the proposed model.

Index Terms—Electrical machine, interior permanent
magnet, model order reduction, orthogonal interpolation
method, real-time control, rotor frame of reference, singular
value decomposition.

I. INTRODUCTION

DVANCES in rare-earth magnets have played an

important role in the development of permanent magnet
(PM) synchronous machines (PMSMs), in which PM materials
substitute the rotor windings to generate the air gap magnetic
field. In the last decades, PMSM have received attention from
different sectors such as the electric vehicle industry, due to the
high torque density, low losses, and high efficiency of these
machines [1] - [4]. Traditionally, the vector control methods are
applied to smoothly run the machine over a wide range of
speeds. In the vector control methods, the stator current is
transformed into the rotor frame of reference [5] - [8], resulting
in two current components: one along the direct- and the other
along the quadrature-axis. This transformation decouples the
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flux and torque control of the motor and allows proportional-
integral (PI) controllers to be applied to control the torque,
which makes it possible to run the machine at a wide range of
speeds by applying the flux-weakening methodology.

When designing a control scheme for a motor assuming
magnetically linear core materials, the magnetizing inductances
in the rotor frame of reference are constant for different values
of the stator current. Nevertheless, in a real machine with a
nonlinear magnetic circuit, the magnetic saturation and the
magnetic cross coupling cannot be neglected, particularly when
the machine is operating in the high-speed flux-weakening
region. In this case, the inductances and the magnetic flux
components are functions of the current components and
neglecting the magnetic saturation and cross coupling in the
control design can deteriorate the performance of the system.
Fig. 1 is an example of the dependency of the stator flux
linkages on both components of the stator current. These results
are obtained from a finite element (FE) model of the PMSM
under study. Although this machine does not experience high
saturation at high currents due to its structural properties, the
cross-coupling phenomenon is more vivid on the ¢ component
of the flux linkage than on the d component.

Several researchers attempted to obtain a robust control
system for motor drives by including the magnetic cross
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Fig. 1. Computed variation of the flux linkages with respect to the stator
current components, i.e. yq = wq (i, iq) and yy = yq (i, iy). The arrow show
the direction of increasing currents.
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coupling and saturation in the model [5], [9] - [11]. The authors
of [5] suggested a flux-observer based control scheme for this
purpose. However, according to the authors, this scheme is not
applicable when using the stationary frame as the reference.
Reference [9] proposed a saturated model by defining a single
factor saturation as the ratio between the saturated inductance
and the unsaturated one. In [10], a nonlinear state equation is
applied to include both the iron loss and the magnetic cross-
saturation in the vector control of a synchronous reluctance
motor. The nonlinear state equation is obtained from an
approximate equation, by measuring the inductances in (d, ¢q)
coordinates and the iron loss resistance from standstill and no-
load rotating tests, respectively. The authors of [11] introduced
explicit power functions to include the cross-saturation in a
motion-sensorless synchronous reluctance machine.

Reference [12] attempted to reduce the effect of parametric
sensitivity based on an analytical approach by using look-up
tables. Some authors suggested usage of parameter estimation
through optimal look-up tables [13] - [18]. In all these methods,
errors in the identified or estimated magnetic parameters can
lead to the degraded performance. Furthermore, the look-up
tables in most of these techniques can be computationally
demanding and upsurge the complexity itself. The FE method
can solve the electromagnetic system of equations accurately
accounting for accurate magnetic circuit geometry and the
nonlinear behavior of the material [19]. Nevertheless, a direct
implementation of the FE model in a real-time control system
is impossible due to the limitation on the computational time.
Reference [20] combines a field-circuit-coupled parameter
adaptive model with a FE model to consider the cross-
saturation, current harmonics, eddy current losses, hysteresis
loss, and the influence of temperature on some motor
parameters. Although the simulation and experimental results
of the proposed method are promising, the implementation of
the FE model requires access to a specific black box software
to execute real-time simulation.

We use a model order reduction (MOR) technique on the FE
model of an electrical machine to derive a faster and accurate
reduced model of the machine. The reduced model is then used
to control an interior permanent magnet synchronous motor
(IPMSM). The dimension and the complexity of this model is
significantly lower than that of the FE model and therefore can
be used in a real-time application. It should be noted that
although the proposed reduced model considers the magnetic
saturation and cross-coupling phenomena, the main novelty and
advantage of the proposed method is that it can be implemented
directly in a real-time application. This paper is an extension to
our previous work [21]. To the best knowledge of authors, in
the existing literatures, no other MOR techniques have been
executed within real-time applications. A dynamic model of an
IPMSM and a magnetic model based on MOR are described
briefly in Section II. Section III presents the proposed control
scheme and the structure of different control blocks. The
computation of the current references is based on MOR,
resulting in a robust control system against errors created by the
magnetic saturation and cross coupling. The proposed control
scheme is validated by means of experiments on a 2.2 kW
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IPMSM in Section I'V. Section V provides the conclusion.

Il.  DYNAMIC MODEL OF IPMSM

A. Fundamental equations

Considering the equivalent circuit of an IPMSM [18], one
can write the stator voltage equation in (d, ¢) rotor coordinates
as

Ri PRI L
u, =Ri, +ody, +—— = 1

dq s~ dq T dq dt > 1 0 ( )
where Wqq, Wqq, and iqq are vectors containing the d- and g-axes
components of the flux linkage, stator voltage, and stator
current, respectively. R; is the stator resistance. w; is the rotor
electrical angular speed and equals to the time derivative of the
rotor angular position.: w. = dé/dt. J is the orthogonal rotation
matrix. In linear magnetic materials, the flux linkages are:

Vg = Lidq TVom - (2)
- Ly 0 _|Ypm

o | Y7 o |
where Lg is the d-axis inductance, Lq is g-axis the inductance,
and ypm is the PM flux. In this case, the inductances have
constant values with no cross coupling between the axes.

The electromagnetic torque 7 is computed from the flux

linkages, currents, and the number of pole pairs p:

T= %P(Wdiq—'//qid) : 3)

The generated electromagnetic torque consists of two
components: the field torque and the reluctance torque [22].

B. Magnetic model based on MOR

As mentioned previously, the magnetic circuit of an actual
machine experiences saturation as the magnetic flux increases.
In this section, we propose a reduced-order FE model, which
takes into account the cross-saturation characteristic of the
motor and can be applied in real-time control. The FE method
is an efficient tool in solving boundary-value problems. In our
case, the problem under study is an electrical machine with a
magnetostatic field. The solution of this field is searched in
terms of a magnetic vector potential A. Having the potential,
one can compute the distribution of the flux density B =V x A
and field strength H = vB , where v is the magnetic reluctivity
of the material, as well as other quantities such as flux linkages
of the windings. The flux linkages obtained in this way consider
the magnetic saturation characteristic of the motor and can
therefore be applied in a control system to compute the current
components from the torque. In the following, we first present
the fundamental equations of the FE model and the proposed
reduced model. Thereafter, we provide the required equations
for evaluating the flux linkages from the magnetic vector
potential.

The magnetostatic field in the cross-section of a PMSM is
described by Ampere’s law as

Vx(WxA)=J+VxH, 4

where Jis the current density distribution, nonzero only in the
current-carrying coils. H, is the coercive field strength of the
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PM. The discretized weak form of the field problem can be
presented as an algebraic system of equations by using FE
method:

Sa=f (5)
where S is the stiffness matrix with size of n X n, with n to be
the total number of nodes in the FE mesh. a =[a;... a,]" is the
vector of the nodal values of the vector potential, and fis n x 1
source vector resulting from J andVxH_ . In nonlinear
materials, the stiffness matrix depends on a and a Newton-
Raphson iteration scheme is often applied in solving (5).

Various MOR techniques are available to reduce the order of
(5). In reference [23], we introduced an efficient MOR
technique called the orthogonal interpolation method (OIM)
and demonstrated its high computational efficiency in terms of
accuracy and computation time, compared to the FE method
and another MOR method.

Here, we propose to use the OIM to calculate the nodal
values of the magnetic vector potential, and consequently the
flux linkage components of the stator. Reference [23] considers
only one variable, the amplitude of the stator current, as the
input of the reduced model, whereas here we have two
variables, the stator current components in the rotor coordinate
system, i.e. ig and ig.

The first step in constructing the OIM model is to solve the
FE system of equation at k-m different operating points of iq =
idi... igk and iq = iq1... igm. The corresponding solutions, nodal
values of the magnetic vector potential in our case, are stored in
an n X (k'm) matrix A . This matrix is known as snapshot
matrix and is factorized via a singular value decomposition
(SVD) into three matrices as A, = UZV"', wheres, with the
same size as A, is a diagonal matrix containing the singular
values of A . The sum of the square of the singular values
defines the total energy of the system [24]. The matrix U with
size of n X n consists of orthonormal columns that are the eigen
modes of the system and the orthonormal columns of V define
how these modes respond to different current inputs. While the
product of the matrices U ands is constant for any arbitrary
input variables within the entire domain of A |, each column of
V' corresponds to a unique pair of input ig and iq as explained
in [23]. The above-described procedure is sketched below:

ldl ’lql : A :ldl s lqm : . : ldk > lql : : ldk > lqm
A
1 1 | 1 1 |
a; QL e Dy LA ey
. 1 . 1 1 . . 1 .
A; = : 1 | 1 1 1 M
’ i : | | | :
an,l : : an,m : :an,(k—l).m+l : : am(k.m)
] | 1 1 1 1
(6)
1 SVD
1 I 1 I 1 1
Vii o C Vi C Ve 1 Vickom)
. 1 . 1 . . .
VT = : : 1 : : 1 : .. :
i : | : : |
Yokt o Vemym | wor Vi), (k-ms | Yk ), (k.m)

Each row of V' can be presented as a function associated with
the inputs ig and iq. These functions are predefined in the OIM
block and one can directly compute the new components of
V' for any new values of iq and i during the real time control

new
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of the machine. The corresponding nodal values of the magnetic
vector potential are obtained as
a,, =UZV) . (7)

One of the key features of OIM, which makes it compatible
with the real-time application, is the ability of the method in
actual order reduction of the problem. V' is a square matrix of
size (k-m). However, according to the fundamental principle of
SVD, the row space of A | is spanned into the first 7 rows of V"
by capturing the mode with the highest energy and the null
space of A _is spanned by the remaining (k-m) — r rows of V"
[25]. As a result, » (r << (k-m)) functions are sufficient to
accurately represent the vector VI . In the same manner, the
sizes of U and are reduced to U, with size of n X (k.m —r) and
X with size of (k.m —r) % (k.m —r), respectively. The value of
r equals to the number of singular values that can capture most
of the energy of the system [24].

Now thata  is known, the next step is to express the stator
flux linkage in terms of the nodal values of the magnetic vector
potential. The flux linkage for phase x of a 3-phase winding, in
terms of the nodal values of the magnetic vector potential, is in
the form of

Yinew = 'Zl Cx,jaj,ncw > x=1.,3 (8)
j=

in which @;new is the new nodal value of the magnetic vector
potential for node j and the coefficients C; are defined as

K1

G, =

.[Q 5xN j dQ H (9)
Tx

where k_is the number of turns of the winding x and S, is the
total cross-sectional area of one side of the winding x. N, is the
FE shape function of node j. The integral is performed over the
coil areas. The value ofJ depends on the location of the
element whether the element is in positive coil sides (0, =1),
negative coil side (0, =—1), or elsewhere (5, =0). The flux
linkage in the (d, ¢) rotor coordinate frame is computed by using
Park’s transformation.

It should be noted that all the terms in (9) are constant and
known for a given machine design, which meansC,can be
computed once and in advance of the flux computation.
Moreover, the total flux linkages of the stator phase windings
could be computed by knowing the nodal values of the
magnetic vector potentials at the coils’ cross-sections. This
results in further computational reduction, since only few
entries ofa_ , and consequently U X and V[  are required.

To conclude this section, we derived a reduced model from
the FE model of an electrical machine. As it will be shown later,
this model can be presented as a black box with the current
components of the machine as the inputs and the flux
components as the outputs. If the reduced model considers the
nonlinearity of the actual electrical machine accurately, the
black box can be placed in the control system scheme at places
where the relation between current and flux components are
required.
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IIl. CONTROL SYSTEM BASED ON THE REDUCED MODEL

Fig. 2 shows the proposed control block diagram for the
machine under study. A discrete-time model is used to control
the current components of the stator. The d-axis current is
controlled according to the required stator flux linkage and the
g-axis current is regulated to produce the required torque [26].

An encoder is employed to determine the rotor position 6
and the actual speed of the machine w,. A typical proportional-
integral (PI) speed controller is used to obtain the torque
reference Trr. The reference current components igqrer and the
corresponding values of inductances Lyq are calculated by
means of the OIM, which is embedded in the current reference
block. These values, along with the measured current iqq, are
then passed to the discrete-time current controller to generate
the pertinent voltage reference wqqrr. The current reference,
OIM, and current controller blocks are explained thoroughly in
the next subsections.

The pulse-width modulator (PWM) computes the duty ratios
in response to the voltage reference and the DC-bus voltage Use.
The sampling of i4q is synchronized with the PWM. The
computational delay in the control system produces an angular
error of w7, with a sampling period of 7.

Current
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Fig. 2. Block diagram of the control system for an IPMSM drive. The
reduced order model is embedded in the current reference block to
compute current references and inductance components. Single lines
and double lines represent scalar and vector quantities, respectively.

A. Structure of the current reference block
To consider the magnetic saturation effect and the coupling
between the current components, we propose to implement the

reduced order model in the current reference block. Fig. 3
presents the internal structure of the current reference block.
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Fig. 3. Internal structure of the current reference block.

This block consists of two main sub-blocks. The first one is
an OIM block that computes the actual value of the flux linkage
in g-axis, yqes; and the second sub-block is the OIM inverse,
which determines the d component of the reference current ig et
as well as the flux linkages yqest and ygest.

Here, we use an ‘algebraic constraint’, a Simulink feature, in
conjunction with an OIM block to build the OIM inverse. The
algebraic constraint block operates in a manner to curb the input
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f(z) to zero and generates the output z accordingly. To maintain
this sequence of operation, it must have a feedback path that
keeps the input at zero. The resolution of this non-linear system
of equation only needs few steps so that within a few sampling
periods, the d-g reference currents are determined to match with
the d-q reference fluxes.

The working principle of OIM inverse depends upon the
speed of the machine. For speed below the base speed, i.e. the
constant torque region, we enforce the d-axis current reference
iqrf to be zero, compute the flux linkage components via an
OIM block and then calculate igrer, La, and Lq. The ig =0 control
principle is suitable for this particular machine under study
since it has low inductances and insignificant armature reaction.
For machines with high inductances and armature reaction, the
maximum torque-per-ampere (MTPA) trajectory [27] is applied
to minimize the copper losses while maintaining the maximum
torque.

If the speed of the machine is above the base speed, i.e.
within the flux-weakening region, the control of the machine is
no longer possible through the iq = 0 control principle. Instead,
a demagnetizing flux is introduced that repeals the fixed flux
produced by the PMs. The most feasible means to accomplish
this aim is the instigation of a negative d component of current
that fosters the opposing flux.

As for the flux-weakening region, the control is designed to
acquire the d component of the flux w4 according to the flux-
weakening conditions and then generate the current component
in the same axis that supports the required flux. The reference
d component of the flux linkage yq ris obtained from et and
the magnitude of the flux linkage reference wsrer. It is to be
noted that in this region s rr is computed by maximizing the
power per volt, as Us / (N3 w;), where Uy is the voltage
limitation of the inverter.

Here, the error between wa r and waom behaves as f{z) and
iarer relates with z state. To consider the cross coupling
phenomena, a secondary algebraic constraint block is used to
provide the input iqcs for the OIM block. The input of this block
is the difference between wqest, previously obtained from
measured iq, and the ¢ component of the flux wyom from the
OIM block.

Having iq rf, wa, and yq, one can compute the ¢ component of
the current reference igrrand the inductance components Lq and
Lq from (3) and (2), respectively. The values of igr and iqrer to
be passed to the current controller depend also on the current
limit. The resultant ,/i; .. +i_ ., is restrained from exceeding

q.ref
the maximum current limit of the setup.

IV. CONSTRUCTION OF THE OIM BLOCK

The OIM is employed to reduce the order of the FE model of
a 2.2 kW six pole IPMSM. The machine is simulated with
second order finite element with 1379 nodes and current supply.
The rated values and parameters of the motor are provided in
Table I (for the geometry and magnetic material properties see
[28], [29]). The accuracy of the FE model of the motor was
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TABLE |

PARAMETERS OF THE IPMSM
Parameter Value
Connection Delta
Power 22 kW
Rated voltage (rms) 370V
Rated current (rms) 43 A
Number of pole pairs 3
Frequency 75 Hz
Rated speed 1500 r/min
Torque 14 Nm
Direct-axis inductance 36 mH
Quadrature-axis inductance 53 mH
Stator resistance 359Q
Permanent magnet flux-linkage 0.555 Vs
Moment of inertia of rotor and load 0.015 kg* m’

previously validated by comparing the measured currents with
simulated ones [30].

One of the main factors affecting the accuracy of the reduced
model is how the range of ig and iy are chosen when generating
the snapshot matrix. This range must cover all the possible
operating points of the machine. Due to the nature of our control
method, i is expected to vary from negative rated current to
zero and iq changes from negative rated current to positive rated
current. Therefore, the FE model is solved for 40 operating
points, chosen from all the possible combinations of 5 values of
ig, equally distributed in [—Iy, 0], and 8 values of ij, equally
distributed in [—/n, In], with Iy being the rated current. It should
be noted that in some cases during the operation of the motor,
higher values of current components might be drawn from
machine. Nevertheless, one advantage of the OIM is that it can
evaluate the system solution with an acceptable precision for
any input values up to about 20 % of the upper and lower bound
of the selected range of iq and iq [29].

Next, the snapshot matrix is decomposed via SVD. In our
case, the first five singular values capture about 95 % of the
total energy of the system [24]. This means that the first five
rows of v, and thus five functions (f1, ..., f5), are sufficient to
represent the matrix v’ . These functions are illustrated in Fig.
4. In this particular case, the first three functions represent three
angled planes Vi, V3, and V3; and the last two functions
represent two hyperbolic paraboloids V4, and Vs.

In the real-time operation, for any given iq and iq, the entries
of VI =[v,..,v;]"and the flux linkage components are
accurately computed by using these functions, (7), and (8).
Since the coefficients C, ;in (8) are known prior to the
calculation of flux linkages, we compute these coefficients in
the (d, q) coordinate system and store them in a matrix C. The
IPMSM has 210 nodes at the coils’ cross-sections, which results
the size of C to be 2 x 210 and reduces the size of U Z_ to 210
x 5, as mentioned previously. For further simplicity, the product
of Cand U X , which is a 2 x 5 matrix, is computed in advance
and defined in the OIM block as shown in Fig. 5.
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B. Structure of current controller block

Reference [31] presents a discrete-time current control
design for synchronous motor drives. We adapt a similar
discrete-time approach to design the current controller. The
control law for a two-degree-of-freedom (2DoF) state-space
flux linkage controller with an integral action in the z-domain
is expressed as

U e (2) = Ko o (2) + [ldq et (2) —gq (2)]

(10)

1 dq (Z) udq ref (Z)

where K is the feedforward gain, Ki is the integral gain, K; and
K> are the state-feedback gains. These gain matrices are defined
as

K, =1+B™' (241 +A)B,

K, =B (B’ 1-A)+K,B'(1+A), (11)

K =K,-K,B'A, K, =B '(1-p)],
where I is the identity matrix of size 2, f = exp(—aTs), and a is
the current controller bandwidth. The rotor speed is considered
in the gains by the matrices A and B:
./ -
B =T 1+ T (-R Loy 0, d) 1 2)

, (12)
A=(1+T(-R Ly -0 + T (R Loy - 03),
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in which L&M is the inverse of inductance matrix:
o [uL, o
oM = (13)
oMo 1/L,

In order to account for the cross-saturation, the inductances Lq
and L, are obtained during the real-time operation from the
current reference block as explained in Section IIT A.

It should be noted that the current control loop stability is not
affected if the values of inductances obtained from (13) are not
far away from the actual inductances. The current controller
should be able to handle small changes in the parameters of the
motor by integral action of the controller. The effect of change
in inductances on the current controller is discussed in detail in
the reference [31].

V. RESULTS

The proposed control scheme is implemented in the real time
control of the 2.2 kW IPMSM drive. Fig. 6 provides a picture
of the experimental setup. A PM servomotor is coupled with the
IPMSM as the load of the drive system. The IPMSM and the
servomotor are supplied with a customized Danfoss VLT5004
frequency converter and a commercial Bivector frequency
converter, respectively. The proposed control algorithm is
implemented in the MATLAB/Simulink environment. The
simulated control system is then compiled and employed in a
dSPACE DS1103 PPC processor board. The DS1103 is
connected to the other components of the system through a
signal-conditioning unit (SCU). The inertia of the whole system
is 0.015 kg-m?.

The effects of magnetic saturation and cross coupling on the
operation of the control system are studied by comparing the
proposed control (PC) method with a constant inductances
control (CC) method. Here, the constant inductances control
method refers to a control model in which the OIM is replaced
by (2) and the rated values of the inductance components are
used when required. Fig. 7 shows the maximum torque and
output power that are produced by the PC and CC methods. The
PC method provides higher torque and power at most of the
given speeds. Particularly within the flux-weakening region, in
which the torque and power production is almost double that
for the CC method. This superior performance of PC method is
understandable considering the magnetizing curve in Fig. 8. In
the CC method, the inductance of the device is constant, and a
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/ Y
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linearization is assumed when computing the flux linkage from
current. However, in the PC method, the inductance, and
therefore the flux linkage, saturates as a function of current. As
shown in Fig. 8, for any current less than the rated current I,
the PC method produces higher flux linkage. Moreover, due to
nonlinearity, the magnetization curve of this method reaches the
rated current at a slower rate in comparison with that of the CC
control method.

Fig. 9 shows the magnitude of the measured currents at
different torque and speed points. Fig. 10 presents the
corresponding current angles only at the flux-weakening
region. Although no systematic pattern is recognized between
the current magnitudes of the two methods, the proposed
method provides higher torque when its current magnitude is
higher than that of the CC method. As for the current angles,
the CC method moves faster towards 180°. This means the this
method draws higher i4 in negative direction, which in return
results to larger demagnetization of the permanent magnet and
lower flux magnitude. Furthermore, the effect of increasing the
torque and the current is assessed by calculating the
electromagnetic efficiency as:

P

n=—", (14)

P +3RI
where Pou = T w: is the output power, / is the magnitude of the
measured current, and R is the resistance of the machine. The
value of 7 at the maximum torque versus speed is shown in Fig.
11. Tt should be noted that the efficiency decreases when the

current increases. We can infer that even if the current
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Fig. 7. Maximum torque versus speed characteristics and output power
curves for the IPMSM drive, obtained via the PC method and the CC
method. Measured values of the torque from these two methods are
marked with dots and stars.
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Fig. 8. Magnetizing curve of the conventional (red line) and proposed
(blue curve) methods. For any current less than the rated current, the
nonlinear curve provides higher flux linkage, as compared with the
linear line.
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Fig. 9. Magnitudes of the measured currents of the IPMSM, when the
motor is driven by (a) the PC method and (b) the CC method. The red
dots mark the torque and the speed at which data were collected.

increases, # remains almost the same for both methods.

The performance of the PC method is further investigated
experimentally against the performance of a commissioning-
based control (COMC) method [32], which also considers the
saturation and  cross-coupling phenomena. In the
commissioning procedure, the computation of the nonlinear
flux linkages curves was carried out under a constant rotating
speed of 200 rad/s, for an electrical frequency of 31.8 Hz. This
frequency was selected low enough in order to diminish the
influence of core losses on the flux linkages estimation [33].
The flux linkage reference curves, obtained experimentally via
commissioning method, were then introduced as look-up tables
in the control system to produce a commissioning-based control
system. Fig. 12 compares the torque dynamics of the PC and
COMC drives at speed of 1800 rpm. The load torque is first
changed stepwise from about 0 to 2 Nm and then back to 0 Nm.
The load torque implementation leads to a slight drop in the
speed. However, the speed starts to follow the reference speed
after the torque settles down. The speed results are the data
collected from the encoder. The values of the actual torque and
currents are measured by means of a torque meter and current
sensors, respectively. The difference between the load torque
and the actual torques comes from the friction torque, which is
included in the measured torques. The flux linkage components
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Fig. 10. Angles of measured currents of the IPMSM, when motor is
driven by (a) the PC method and (b) the CC method. The red dots mark
the torque and the speed at which data were collected.
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are calculated by using the measured currents as input to OIM
or the look-up table obtained by commissioning method,
depending on the control method. As it can be seen in Fig. 12,
both control drives lead to similar torque dynamics. The slight
variances in the measured components of the currents in d axis
have resulted into minor dissimilarities in the flux linkage
components in both d and ¢ axes.
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The COMC method results in higher iq when torque changes
from zero to 2 Nm. Nevertheless, the difference between the
torque values of COM and PC control methods in ig-iq plane,
Fig 13, suggests that there are operating points at which the
proposed method provides higher torque than the COMC
method. Near the base speed, the commissioning method
produces higher torque. However, as the speed increases, it
underestimates the torque, as compared with the OIM method.
This can be explained by the fluctuation of the DC bus voltage
while estimating the flux linkage along the ¢ axis during the
commissioning procedure [32], [33].

To investigate the computational burden of the PC method,
the execution time of this method is compared with the COMC
and CC methods. The results of these comparisons are shown
in Fig. 14. Each bar shows the required time for running the
entire control system over a single simulation step. The hatched
area indicates how much of the execution time is consumed by
the current reference block. As expected, the execution time of
the PC method is slightly higher, since it has a more
complicated model and more operations. Nevertheless, during
the measurement the computational time did not impose any
burden on the real-time computation. The PC method consumes
14% more CPU than the COMC method and 53% more CPU
than the CC method. It is worth mentioning that these three
control methods have same solver and same sampling period of
200 ps, but different execution time, due to the differences in
their models.

VI. DiscuUssION AND CONCLUSION

This paper presents the real-time control of an IPMSM drive
operating in a wide range of speed via the reduced FE model of
the machine. The reduced model is based on OIM, in which the
nodal values of the magnetic vector potential are computed for
any arbitrary stator winding currents of the machine in the rotor
coordinate frame. The d and ¢ components of the flux linkage
are then obtained by multiplying the corresponding nodal
values of the vector potential with a constant depending of the
slot area and the number of turns. The computed flux linkages
are accurate and consider the magnetic saturation
characteristics. The proposed method is applicable to real-time
control of any type of synchronous machine drives. In this
paper, however, we use a 2.2 kW IPMSM coupled with a
servomotor as load, to show the feasibility of the method
experimentally.

The nonlinear inductance characteristics obtained from the
proposed reduced method can be similar to the ones evaluated
with industrial methods, such as machine commissioning
method. Consequently, it is expected that the control systems
based on the reduced method and commissioning methods lead
to similar control results as well. This paper shows that the
COMC method leads to a better torque-per-amp (TPA)
characteristics than the PC method at some operating points,
specifically at speed near the base speed. Nevertheless, the PC
method provides higher torque at higher speeds, since the
COMC method underestimates the torque in the flux-
weakening region. This can be explained by the fluctuation of
the DC bus voltage while estimating the flux linkage along the
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q axis during the commissioning procedure.

As a limitation on the PC method, it should be pointed out
that building the reduced FE model requires either the
knowledge of the dimension or the input-output relation of the
machine under investigation. Therefore, for example, the PC
model might not be suitable for plug-and-play frequency
converters if either of this information is not known.
Nevertheless, it can be applied in integrated drives-machine
packages, where both the drive and machine specifications are
provided together. Since the PC model accounts for the
magnetic saturation and cross coupling, it is an adequate
substitution for the conventional linear lumped parameter-
based control model, especially within the flux-weakening
region, in which the variations of the motor parameters are more
sensitive to the non-linear behavior of the materials.

The conventional methods that use nonlinear saturation
characteristics obtained from commissioning do not consider
the core losses when evaluating the optimal references, instead
separate look-up tables are required for that. In the case of PC
method, the core losses can be included in the reduced model;
however, this falls beyond the scope of this paper.

To summarize, the advantages and limitations of the PC
method compare to industrial control method are listed in Table
II:

TABLE Il
ADVANTAGES AND LIMITATIONS OF PC METHOD AS COMPARED WITH
COMC METHOD
Advantages Limitations
- Higher TPA in flux - 14% higher computational
weakening region, as the load
speed limit reached
- Requires access to internal
- Does not require geometry of the machine
additional look-up table or the input-output relation
for considering the core of the machine
losses
- Lower TPA at speed close
to base speed
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