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ARTICLE INFO ABSTRACT

Keywords: This paper deals with optimal control strategies robustified by a decoupling super-twisting slid-
ST-SMC ing mode control (ST-SMC) for permanent magnet synchronous machines (PMSM). In general,
PMSM

ST-SMC is a robust method for controlling systems and guarantees asymptotic convergence
in cases where the upper bound of model uncertainties such as disturbances and parametric
uncertainties is not known a priori, if the upper bound of the derivative is known. The
proposed optimal control strategy is designed for a constant torque reference whose control is
implemented in two control regions: maximum torque per ampere (MTPA) and flux-weakening
control. In the proposed analysis, the operating point of the motor can also be in the saturation
region, which makes the estimation of L, and L, in the proposed optimization procedure of
particular interest and also important for the decoupling control implemented with ST-SMC.
To compensate for typical parameter variations, adaptive parameter estimation is introduced
into the control system using an extended Kalman filter (EKF) in combination with a bivariate
polynomial. In order to be able to make an assessment of the control performance of the ST-
SMC, a comparison with a conventional PI controller is shown at the end of the paper. Measured
results using hardware in the loop (HIL) to validate the results and their detailed discussion
and analysis are included.

EKF
MTPA
Kalman filter

1. Introduction and motivation

Permanent magnet synchronous machines (PMSMs) are highly recommended for all applications where high energy densities
are required. In fact, PMSMs are highly efficient electric motors for a wide range of applications. As the name suggests, this motor
technology requires magnetic material in the rotor. In the proposed analysis, the operating point of the motor can also run in
saturation regions and thus the estimation of L, and L, is of particular interest in the proposed optimization procedure and also for
the decoupling control realized with help of super-twisting sliding mode control (ST-SMC) to minimize the amplitude of its switching
gains. The typical parameter fluctuations are compensated by estimation with an extended Kalman filter (EKF). By estimating the
current-dependent parameters, the optimization method becomes robust. In fact, the optimization procedure based on Lagrange
method is strongly depending on the variation of the parameters of the model. Secondly, the decoupling strategy that minimizes
the PI variation in [1] depends on the variations of the parameters. Finally, the equivalent part of the sliding mode control (SMC)
depends on the variation of the parameters, and if an adaptive estimation of these parameters is made, small switching gains are
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The main nomenclature

ug (1) direct voltage input

u, (1) quadrature voltage input

iy(®) direct current

i, (1) quadrature current

igq(® desired direct current

iga() desired quadrature current

I4 measured current vector i,

I, measured current vector i,

Lap measured inductance vector L,

Lo measured inductance vector L,

@y (1) electrical angular velocity of the rotor

p pair of magnetic poles (w,,(t) = pw, (1))

R, coil resistance

L, direct axis self-inductance

L, quadrature axis self-inductance

]:d /a0 estimated direct and quadrature axis self-inductance
iy 740 estimated direct and quadrature axis currents
¥, main flux constant

w0 direct flux component

v, (1) quadrature flux component

T() torque

T, desired torque

0, coefficient polynomial for calculation of L,
9, coefficient polynomial for calculation of L,
0,,(1) electrical angle of the rotor

Lag Lagrangian function

guaranteed, as already explained. Application examples for the control of PMSMs using different types of SMC are also well analyzed
in [2,3], where speed control with self-triggered SMC is presented. Self-triggering is used to reduce the communication frequency
for controlling the networked PMSM. For current control within a variable speed range, the PMSM operates in different ranges. In
the constant torque range, the limit of the maximum current must be maintained. At the same time, it is important to reduce the
copper losses of the PMSM, which are essentially caused by the current impression.

1.1. Control strategies for PMSMs

Maintaining the desired torque while limiting the current to a minimum value presents an initial optimization problem: The so-
called maximum torque per ampere (MTPA) is a well-known approach, as can be seen in [4], where a normalized MTPA calculation
is performed for a PMSM with reluctance torque. Also taking into account the maximum allowed voltage, the maximum torque
must be determined, which is the definition of another optimization problem. This can be solved by using the so called maximum
torque per voltage (MTPV) optimization approach. Although MTPA and MTPV are consolidated optimization strategies, they are
still the subject of research. Indeed, in [5], the authors recently proposed a new optimal online tracking method with improved
MTPA and MTPV considering the magnetic core saturation effect. Typically, the control is a PI control with a feedforward action
for decoupling the coupled branches in a PMSM. Once the electrical part of the system is decoupled (see, for example, [1]), various
control techniques can be used. Another control approach is described by the usage of the SMC, which is described as a type of
variable structure control and which has been implemented in the 1950s. The SMC is known as a robust control type for linear
and nonlinear systems and describes a nonlinear design process. Due to its insensitivity against parameter uncertainties, it can have
advantages regarding the control of an electrical machine, especially in a saturated condition as it can occur for higher torque
demands. The classical SMC is a first order SMC, with a first degree sliding surface. The SMC uses for its control a discontinuous
control signal, which ensures the control on a sliding surface. The main disadvantage of the SMC is the chattering at the output at
the system, which can cause damage to, for example, inverters because of resulting current peaks. This resulting disadvantage led to
the introduction of the ST-SMC, which is a type of second-order SMC and was introduced in 1993 by Levant in [6]. The advantage
of higher-order ST-SMC is that a continuous control function is generated, which results in the moving variable and its derivative
being brought to zero in finite time. More recently, in [7], two composite current controllers, each combining two ST-SMCs, are
proposed for the drive system of a synchronous reluctance motor considering magnetic self-saturation and cross-saturation. Theorem



T. Zwerger and P. Mercorelli Journal of the Franklin Institute 361 (2024) 106934

1 in [7] is the theoretical guideline for selecting the gain of the conventional ST-SMC, which requires the a priori knowledge of the
upper limit of the derivative of the lumped disturbance. In this proposed contribution the same control law as in [8] and in [9] in
which it is shown that ST-SMC is a robust method for controlling systems without a priori knowledge of the upper bound of model
uncertainties such as disturbances and parameter deviations and guarantees asymptotic convergence. However, it is required that
the derivative of the disturbance is bounded, but not the upper bound of the disturbance.

1.2. ST-SMC for PMSM

The efficiency, high power density and adaptability of PMSMs have brought them to the forefront for a variety of industrial
applications in recent years. To realize the full potential of PMSMs, in-depth control systems are required to ensure precise and
reliable operation [10]. ST-SMC, one of these techniques, stands out as a possible tool for improving PMSM performance under severe
load conditions. The theory, practice, advantages and disadvantages of using ST-SMC for PMSMs are examined in this literature
review [11]. The ST-SMC is a robust control method that traces the states of a system along a sliding manifold back to the origin
to stabilize its dynamics. The ST-SMC is a variant of the SMC that uses higher order sliding modes, resulting in higher convergence
speed and lower chattering. This method is an attractive option for PMSM control and is characterized by robustness with respect
to the presence of model uncertainties, disturbances, and nonlinearities [12] or [13]. When it comes to dealing with the difficulties
posed by parameter variations, external disturbances, and model uncertainties, the ST-SMC approach provides an impressive level
of robustness [14]. The higher order sliding modes of the ST-SMC are responsible for the resilience of the algorithm, which enables
fast convergence and precise tracking of the desired trajectories [15]. As a result, PMISM systems show significant performance gains
in both transient and steady-state behavior when operated with ST-SMC [16] or [17,18]. A major advantage of ST-SMC is that it
significantly reduces chatter compared to other SMC techniques. The super-twisting algorithm, which is vital for reducing chatter, is
widely used by ST-SMC. This improvement in running smoothness means that the electrical machine is subjected to less mechanical
stress and consequently less wear, which can extend its service life. Since nonlinear behavior is characteristic of PMSM systems
with reluctance torque, ST-SMC elegantly accounts for this behavior without requiring a precise model of the system. ST-SMC is
characterized by its nonlinear adaptability, which enables it to handle the complexity of PMSM dynamics and performance. Due
to its robustness to model uncertainties, fast response times, chatter suppression and ability to navigate through intrinsic nonlinear
characteristics, ST-SMC proves to be a comprehensive control approach for PMSM systems. PMSMs are of critical importance in
electric vehicles (EVs) due to their high torque density and high efficiency. ST-SMC builds on the strengths of PMSMs in electric
vehicles by improving the accuracy of torque control and thus the efficiency of the system. This improvement directly contributes
to extending battery life and increasing the range of electric vehicles. ST-SMC plays a crucial role in realizing the full potential of
PMSMs in the context of sustainable mobility by optimizing the use of power and resources [19]. Wind energy conversion systems
(WECS) take advantage of PMSMs and harness the power of the wind to generate electricity [20]. It is becoming clear that the
integration of ST-SMC into these systems is critical to achieve both maximum power generation and smooth grid integration. ST-
SMC expertly controls volatile wind conditions and ensures that power generation remains stable and in phase with the grid even
when there is no wind. The critical function of ST-SMC in improving the efficiency and reliability of wind power systems cannot be
overstated. Applications using PMSM-equipped robotic arms highlight the need for precise motion control in the field of robotics.
In this context, ST-SMC proves to be an organizing principle that helps these robotic systems to follow their trajectories precisely
and to manipulate them smoothly. By using ST-SMC, robotic arms are able to perform even the most complex tasks with the highest
accuracy, opening up new possibilities for robotic systems in manufacturing, healthcare, and academia [21]. The performance of
PMSMs can be improved by using ST-SMC, which has proven to be a reliable and successful method. Its ability to deal with model
uncertainties, disturbances, and nonlinearities makes it well suited for real systems. It is expected that further improvements in
controller design, parameter tuning, and hardware implementation will increase the prevalence of ST-SMC in PMSM-based systems
and enhance their efficiency, reliability, and overall performance as research in this area continues [22].

1.3. Estimation of inductance

The estimation of the inductance is extremely important in the context of the optimization procedures. It is known that any
optimal control strategy is based on a model and therefore its solution depends on the parameters of the model that need to be
estimated. In particular, the estimation of the inductance is important in the proposed problem, because saturation changes the value
of the inductance. To get an impression of existing estimation methods for the parameter estimation of inductances in PMSMs, the
review in [23] gives a very good overview. The main difference between the estimation methods listed there is that saturation is
not included and only nominal values are considered for the estimation. However, the estimation method presented here is able to
take saturation into account by introducing the bivariate polynomial into the EKF. The Kalman filter (KF) and especially the EKF is
a feasible approach and shows effectiveness and easy to implement solutions for this type of problems. In [24], a motion sensorless
control of an internal combustion engine using EKF is proposed. In [25-27], different control strategies are applied using virtual
sensors based on EKF.

1.4. Contribution of the results and structure of the paper

The main contributions of the paper consists of a combination and harmonization of different control strategies supported by an
optimal observer using KF:
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an optimal control strategy, designed for constant torque reference for PMSM and is made robust by a decoupling ST-SMC.
An EKF is used to estimate the inductance of the PMSM to adapt the proposed ST-SMC, which is a robust method to control
systems without a priori knowledge of the upper bound of model uncertainties and disturbances in case of asymptotical
convergence.

an optimal control strategy is investigated in two control ranges: MTPA for constant torque range and flux weakening control
for constant power range.

a compensation for typical parameter variations is done by an adaptive parameter estimation, which is introduced into the
control system using an EKF in combination with a bivariate polynomial.

measured results using hardware in the loop (HIL) are presented where the control performance of the ST-SMC is compared
with a conventional proportional integral (PI) controller.

Considering the last point of the contributions, it is possible to conclude that the aim of using HIL as an emulator for validation is to
establish the functionality of the presented estimation method both in the saturation region and under the influence of cross-coupling
effects as well as spatial harmonics. The neglect of temperature effects as well as losses in the iron core is permissible in order to
verify the functionality of the mentioned methods and it justifies the use of a HIL emulator for the experimental verification. The
paper is organized as follows. Section 2 presents the physical and mathematical model of PMSMs. Section 3 discusses MTPA and
a flux weakening approach. Then, a decoupling ST-SMC approach for a PMSM application is presented in Section 4, and an EKF
for inductance estimation even in saturated regions is presented in Sections 5 and 6. The paper continues with Section 7, where
HIL measurements and results show the validation of the proposed control scheme. Section 8 is dedicated to a detailed discussion
and analysis of the results in relation to the role of the different elements of the proposed control strategy. A conclusion closes the

paper.
2. The physical and mathematical model of PMSMs

The most common control of PMSM is the use of field-oriented control. For this, the three-phase model of the electrical machine,
which works with sinusoidal variables, is converted into a constant variable model. The conversion takes place with the aid of the
so-called Clarke-Parke transformation. By the conversion into a system of equal quantities, a control for the so-called d- and g¢-
axis can be constructed. The cross coupling cannot be neglected. Rather, it describes both a premagnetization of the g-axis by
the d-current and a premagnetization of the d-axis by the g-current. The decoupling is achieved by feedforward control and is an
essential measure for the dynamics of a control system. Egs. (1) and (2) describe the transformed constant variable system equations
for the PMSM.

dig(t)  ug()  igOR;  @q(Ly1iy (1)

= - @
dr Ly L@ Ly(t)
dig) _ uy@®  igOR; 0y (OLyDig(1)  @aDF, )
T L L,® L, () L, ()
The flux correlations are given in (3) and (4) by considering the flux as
v, =L,0i;0)+ ¥, 3)
and
v, (1) = L, ()i, (@) 4)

Since a coupled system is present as described, decoupling of the voltage is performed on the basis of feedforward control. If we
consider (5) and (6), we get

dig (1)

a0 L;@®) =uy(t) —ig(OR; + o, (L, 0)i, (1) 5)
and
diq(t) ) )
5Ly = 4,0 = 1O, = 0y (OLy@ig(0) = w0 (OF) 6)

The parameter ¥, is defined by the main flux, which is not the total flux of the permanent magnets, but the portion that passes
from rotor to stator through the air gap. The higher the flux density is, the higher is the saturation effect that occurs, especially
when high torques are required. For consideration of the saturation effects, it is necessary to consider inductance as a function of
the currents iy and i,:

Ld,q = f(id, iq)' (7)

Figs. 1 and 2 show the variation of the inductances as a function of the currents i, and i,. These values were determined by
measurement on the test bench, with the PMSM to be controlled serving as the test specimen. To go more in the depth, Figs. 1
and 2 show the curves of the current-dependent inductances L, and L,. A detailed measurement of the PMSM is a time-consuming
undertaking, as the measurements must be as granular as possible in order to obtain a sufficiently high resolution. In addition, it
is not always possible to measure up to the saturation range, for example if the PMSM is already permanently installed coupled
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Fig. 2. Course of the characteristic field for L,.

to a shaft. The present estimation of the saturation behavior enables a sufficiently high estimation even with a determination of
only a few, in this case nine, measuring points and is therefore much more flexible. An explanation for the magnetic conditions is
given in [28], where the current dependence of the inductances is illustrated. The PMSM machine equations are completed by the
electrical torque equation, which can be calculated from the machine currents iy, i,, the main flux ¥,, the inductances of the PMSM
Ly L, and the pole pair number p in (8), with

70 = 2p{i,0wa® - 140w, 0 . ®)

3. MTPA and flux weakening approaches

The PMSM operates in different ranges during current control within a variable speed and torque demand range. During the
constant current range, the limit of the maximum current must be maintained. At the same time, it is important to reduce the
copper losses of the PMSM, which are essentially caused by the impressing of the current. Maintaining the desired torque while
keeping the current limit at a minimum current amount describes a first optimization problem. If a voltage limit defined by the
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inverter is reached due to the increase in speed or further increase in torque, control is applied at the voltage limit. Here, taking into
account the maximum allowed voltage, the maximum torque is to be set, which represents the definition of another optimization
problem. As the PMSM speed increases, the induced voltage increases proportionally, leading to the need for field weakening at
the voltage limit as well as the current limit. This control range is described by Region II, see set A-B of Figs. 4 and 5. Whether
the control can take place within this region up to the maximum speed, until i, = 0, clearly depends on the parameters and thus
the nature of the PMSM. For PMSMs where setting the current for control at the control limit is no longer possible due to the
increased reactance when the speed is increased beyond a certain range, the Region III, see set B-C of Figs. 4 and 5, with its control
approach enters. It is the so called maximum per voltage (MTPV) optimization approach. In [29] a control strategy consisting out
of MTPA and MTPV is shown without switching between both regions. Both optimization problems, the MTPA and MTPV, can be
solved using a Lagrangian optimization. If both constraints, reaching current and voltage limit, are fulfilled, a combination of the
two equation constraints for the maximum current as well as for the maximum voltage to solve the optimal problem is excluded
due to the complexity of the solutions. In this case, the flux weakening strategy is applied, see Region II, which is represented by
the set A-B in Figs. 4 and 5. The calculation according to Lagrange is therefore considered separately, once for the range of control
at the current limit by the control rule from the MTPA and once for the range of control at the voltage limit by the control rule
from the MTPV. In [30] as well as in [31], an MTPA and MTPV is carried out for an optimal control by considering the saturation
conditions which occur for higher loads in the PMSM or in a synchronous reluctance machine. The long calculations for the optimal
current setting can be a limitation for some controller hardware platforms, therefore [32] presented a possibility to reduce this
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calculation effort. The following equations present the calculation for MTPA by using the Lagrange optimization as well as for the
flux weakening. Since the control was carried out in these two ranges, the MTPV is not explicitly discussed. The following remark
emphasizes some aspects related to the choice of the two ranges excluding the MTPV strategy of control.

Remark 1. The consideration of two different control ranges (one in the constant torque range and the other one in the constant
power range) should make it clear that the control is also capable of functioning in the range of strong non-linearities and smaller
values. Since the control stability generally becomes more unstable in the constant power range, field weakening has to be active
here in order to increase the speed, what reduces the motor’s torque. As the torque decreases, control over the speed and load of
the motor is more difficult. By showing that control is possible even in the area of the necessary field weakening, this indicates the
stability of the control system.

3.1. MTPA

The PMSM operates in different regions during current control within a variable speed range. During the constant current range,
Region I, the limit of the maximum current [,,,, must be maintained. At the same time, it is important to reduce the copper losses
of the PMSM, which are essentially caused by the impressing of the current. The losses increase quadratically with the current and
are therefore mainly load-dependent. The relationships are presented in

— 2
Plo.vx - l[,;ngwinding’ (9)

where i),,, is the load current and R,;,;,, is the winding resistance. Maintaining the desired torque while keeping the current limit
at a minimum current amount is necessary to reduce the losses and at the same time it describes a first optimization problem. The
solution is stated by the so called MTPA approach, which works in the outer control loop and defines the desired current inputs
igq and i, for the torque control input. When calculating the optimization problem according to Lagrange, this corresponds to the
optimization according to (8), while maintaining a maximum current amount according to

Lygx S A/ig0? +iy(1)2, (10)

which is defined as the equation constraint of the Lagrangian. When calculating the optimization problem according to Lagrange,
it must be noted that the calculation here is usually done according to the method for the local minimum. For this purpose, the
Lagrangian is set up using the objective function in (8) and the constraint from (10). This results in the following Lagrange function:

Lag(iy(1),i,(t), A) = %p < (Ly(0) = Ly (0)i i g(t) + P, (1) > FAUZ = ig (0 + i (0. 1)

The local minimum is calculated by forming the partial derivatives of (11) according to the current components i, (), i,() and A.
The resulting equations are:

dLag 3 . .

i, = zp(Ld(t) = L, ()i (1) = 2Ai4(0), (12)
dlag _ 3 _ SN oA

di (1) = 21)(?’,, + (Ly(0) = L 0)ig®) — 240 ,(), (13)



T. Zwerger and P. Mercorelli Journal of the Franklin Institute 361 (2024) 106934

and

dLag 2 2 2

= D — 0= 0. 14
After setting (12) and (13) to zero, solving them for A, they can be equalized and solved for i,;, which results in the following
equation:

W, £\ [AROULZ0) = L20) + ¥
2(L (1) = Ly(1)

To obtain the torque equation with optimal current splitting, the solution where the current (15) is a minimum must be found and
inserted into (8). To obtain the correct of the two solutions from (15), the singular points of the Lagrangian must be calculated with
the gradient set to zero. The nature of the solutions in (15), that is, whether it is a local maximum, a local minimum or a saddle
point, can then be determined by the second derivative of the Lagrangian function (11). This can be done by setting up a matrix
and examining it according to the Sylvester criterion, as described in [33]. The second derivatives of the Lagrange function give:

ig"12=— (1>

d’L
T“g =- (16)
diZ (1)
d*Lag 3
————— = —Zp(L,y(t) = L,(1)), 17
diy(0di, ) 217( a(®) — L) 17
d*Lag 3
————— = —Zp(Ly(t) = L,(1)), 18
i, (0di, () 217( a(® — L) (18)
and
2
dlag __,y, (19)
di2(t)
The matrix then can be set up with:
dzLag dzLag 3
diZ(0) dig(Ddig (1) —2A —5p(Lg() — Ly(1)
ot vt || o-rm) -2 ' @
diy(diy (1) di2(0) 2Fh q

To check whether it is a local minimum of the Lagrangian function, all eigenvalues of the upper left minors of the matrix in (20)
must be positive. For (17) and (18), a positive pole pair number is valid as well as the fact that L, < L,. To investigate when A
becomes negative in (16) and (19),

_ 3p(Lg(r) = Ly (1)ig(1)
B 4iy(t)
has to be considered, which is obtained when the derivations in (12) and (13) are set to zero and solved for A. The current i, from

(15) now has to be substituted into (21). If we consider a positive motor current for i ,» a negative A is obtained for solution 2 in
(15) and therefore the second solution with

(21)

. _Tp 5 IPP2 29
“O=sto-Lo "t ano-Lor @2

is the right solution for considering maximum torque while obtaining constant current. To obtain the torque requirement for MTPA
strategy, (8) has to be calculated with (22). This results in the following torque requirement as a function of current i:

(O, 4/ 42O(Lg (- L2 +¥2)
3p<’q P 'q 2d q P _ lq(t)ll’p

2
When calculating the i, setpoint specification from (23), a 4th degree polynomial is produced with T now as the desired torque T;:

TG,) = - @23)

21,7, . @2T,)?
5 i) = 22
3(Ly(®) — L,(0))p ALy (@) — L,0)*p

Egs. (12) and (13) can also be equalized after solving for A and solved for i,, which results in equation

ig(OF, + 2Ly (1) = Ly (1)

i+ =0. 24

(== (25)
o(tha Ly =Ly
After searching for the local minimum by the usage of the Sylvester criterion, the correct equation is given by:
ig(O, + 2Ly (1) = Ly(1)
i) = - d\DF, 1, d q (26)
L;®) - L,®)



T. Zwerger and P. Mercorelli Journal of the Franklin Institute 361 (2024) 106934

The equation constraint in (14) is set to 0 and solved for i, which leads to the quadrature current i, under compliance with the I,,,,
condition with

i) =12, — 2. 27)

Equating both equations of i o (26) as well as (27), and solving for i,, gives the specification for the field-forming current i; under
compliance with the 1,,,, condition with

i) = _—l{,” — l’%'” lp—p2' (28)
CT AL y(1) = L) 2 16(Ly() - L)

To select the correct solution from the four solutions resulting for i, out of (24), several constraints have to be performed in the
solution approach. The desired solution must be real and positive for i, in motor operation. The operating constraint for i, is given
by (27). To better illustrate the constraints on the selection of set currents for i, and i,, see Region I characterized by set 0-A
of Figs. 4 and 5. Here I,,,, describes the circle with fixed radius of the maximum usable current for reaching maximum torque
Toax- Imax is divided into i, and i, components, according to (10), which also is the equation constraint of the Lagrangian for the
MTPA. The intersection of the MTPA trajectory in Fig. 4 gives the maximum torque by maintaining minimum current in point A. For
controlling the torque while maintaining the minimum required current, the respective intersection point with the desired torque
can be used along the MTPA trajectory to obtain the specification for i, as well as i,. In the global calculation of the optimum,
which means that the optimization problem of MTPA as well as MTPV are considered in a joint solution, as it can be calculated
using the Bellman principles of optimization approach, a constraint arises for the control condition of i, as well as for i,. These
constraints do not arise when a suboptimal solution is considered with the calculation by the usage of the Lagrangian for MTPA and
the constraints for the flux weakening control. Therefore, and due to the shorter solution of the suboptimal, the use of the results
of the calculation of the suboptimals is done.

3.2. Flux weakening

If a voltage limit defined by the inverter is reached due to the increase in speed or further increase in torque, the control is
applied additionally or even exclusively at the voltage limit. From this point, field weakening is necessary to increase the speed of
the PMSM. A control is therefore carried out in Region II, see Fig. 4, at the current as well as at the voltage limit. The control is
described by flux limit

11/2 = 1,/5 + Wl?, (29)
respectively the voltage limit

U2 2 2

—pax <wp + Ld(t)id(t)> + (Lq(t)iq(t)> . (30

(1)

If (30) is resolved for the current division according to i , it can be seen that a maximum achievable speed exists:

by L N B p o (31)
—_—t — - 1)i, (1))-.
Ly® ~ L;® wgl(t) o
If the speed is too high, the root in (32) becomes negative. The maximum speed is therefore reached as soon as the term below the
root becomes zero. The resulting point is also called the short-circuit point. The coordinates for the short-circuit point as the origin
of the voltage boundary ellipses, as shown in Fig. 4, can be calculated as follows:

iq() =

ig() = 1y (N =0. (32)

¥
L,®)
To continue the control at the current limit as well as at the voltage limit, that is in Region II, (30) is solved for i, and replaced in
(8), what leads to

3/ Li-Ly0
Ty, = §p<¥’ptq(t) + Tt)"mq(r)), (33)

with

UZ
A=-¥ + % - Lg(z)ig(z).
wel(t)

Solving (33) for i, results in a 4th order polynomial. To obtain the correct solution for the currents i, and thus also i,, several
criteria must be fulfilled. The solution must be within the defined limits, be real and i, > 0 for motor operation. So as to summarize,
control in Region II takes place for the existence of two limits, as control in Region I and III exists for current or voltage limit. In
principle, the control can be continued up to the maximum speed in Region II. However, as to be seen in (31), for a defined speed
control at the current limit is no longer possible, resulting in only one limit range prevailing. When the short circuit point of (32)
lies outside the circle of the maximum current amount, the control in Region II is possible for the whole speed amount. In case
the short circuit point of (32) lies inside this circle, the higher speeds are achieved by a different control, the MTPV approach, that
takes these into account.
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4. A decoupling ST-SMC approach for PMSM

Decoupling control is a widely used control technique in practice. Accurate and fast parameter estimation is extremely important
for the operation and control of PMSMs. Recently in [34] a parameter decoupling estimation method based on multi-state
measurement was proposed to analyze and estimate parameters of the machines, such as inductances. More recently also in [1]
a decoupling based on feedforward action has been applied to simplify the identification algorithm for estimating the inductances
in a PMSM. The idea in this paper is to use the two input voltages u, and u, to obtain the two noninteracting dynamics d and ¢ using
a robust control method based on the definition of two decoupled floating manifolds, s, and s,. SMC is the term used to describe
a nonlinear control strategy that applies a discontinuous signal to change the dynamics of a system. SMC systems are divided into
two different phases, the so-called reaching phase and the sliding phase. During the reaching phase, the SMC attempts to bring the
system to the sliding surface. Once the sliding phase is reached, the SMC tries to hold this system state over the sliding phase with
the help of a switching function. The control signal of the SMC is a discontinuous signal, which makes it difficult to use within
the electrical control loop. The application of the ST-SMC therefore has the ability to combine the advantages of the SMC while
eliminating the disadvantage by using a continuous control signal [35]. By deriving the sliding function s(r) — 0, a linear function
is obtained. To recall some fundamental background information, the following remark is proposed

Remark 2. The presented remark is in agreement with [8,9]. In particular, the authors of [9] used the same following property
in their Eq. (36) in the context of ST-SMC:

t t
/ sgn(s(r))dt = sgn(s(t))/ dr, B4
0 0

where s(r) is the sliding surface. This property is based on the equivalent control part and the construction of equivalent dynamics,
see [36] and more directly in [37] on page 283-286, where it is clarified how §(f) = 0 and s(¢) = 0 is guaranteed even with imperfect
switching control. In fact, the two correcting parts of the controller guarantee the “average residence” of the trajectory of the surface
with §(r) = 0 and s(r) = 0 since the control switching is ‘infinitely’ fast.

Remark 3. If we examine the theoretically infinitely fast switching processes in more detail using the following considerations, we
see that on the surface $(r) = 0 and s(#) = 0 and that therefore (35) can be applied. If we consider ¢#; time points with m = 1,2, ...,n,
in which the trajectory passes through the sliding surface, then the following expression

/_ " sgn(s(e))dr =0 (35)

can be proven, where 77 and [ indicate the infinitesimal time before and after the intersection with the surface at time #,. In fact,
with the help of integration by parts, then is

F

i
t
i

tF rf
/ " sgn(s(o))dr = sgn(s()z| — / " 8(r — 1)s(0)d. (36)
t. t

tF
If 17 - 17 -1, then sgn(s(r))r' — 0 applies where the presence of the pulse indicates that the switching is infinitely fast at time
-

t;. Considering the second part of (36) and integrating it by parts, then

f o f
—/ 1x (/ 8(r— ti)S('r)d'r)dC (37)
f? t? t;

and using the shifting property of the impulse, then it is

I I
1 x / 5(T—t,-)s'('r)d1'=1/’ 8(r — 1)i(r)dr
1 t

t

+ ot ot it ot
- / 1% ( / 5(r — t,-)s'(r)dr)dC - ‘rs'(ti)' — 5| =o0. (38)
- 17 I: t; tr

This indicates that if the switching occurs infinitely fast at 7;, then expression (35) is true and therefore also on the surface is 5(r) = 0
and s(r) = 0. For further analysis, see [36].

t+
T / " 8(r —1)s(n)dt
t

i
t
i

Proposition 1. Considering the model for the PMSM described in (1) and (2), two control laws are obtained that globally stabilize
asymptotically the system around the reference currents iy, and i , assuming that disturbances and model uncertainties of the d and q
dynamics, ¢, and @, are Lipschitz functions and such that |¢,| < é, and |¢,| < §, with 5, and 6, are real numbers.

Proof. The errors are defined in the following way:

e, (1) = igq(t) — ig(t) (39)

and
eq(t) = igq(1) =i (), (40)

10
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and therefore the set up sliding surfaces in (41) and (42):
t
s4(0) = e () + ky / e (t)dt —e (07) 41
0
and
t
s = e, (1) + ky / e,(t)dr — e (07). 42)
0

It is worth mentioning here that the terms e;;(0) and e,,(0) bring the phase to be reached to zero regardless of the initial values of
the currents i,(0) and i,(0). To obtain the state on the sliding surface s = 0, the currents i, and i, must converge exponentially to
their reference values. The parameters k; as well as k, thereby form the positive gains for the dynamic stability, with e, (07) = 0.
The Lyapunov function

V) = 3530+ 3550 (43)
and its derivation

V(1) = 5,(05,(0) + 5,(D)54(0), 44
where s,(t) and s,(¢) are the limits for the stationary system with the derivations

§4(0) = e4(t) + kieg(t) =0 (45)
and

() = é,(1) + kye (1) = 0. (46)

By inserting terms s, and s, we get

. digg(t) di (1) ) ) dig, (0  diy@t) ) )

V(D) = 5,0 [ ‘(’jt - —— k (iga 0 = 1,0) +sd(t)< w ) + kg (g (D) = ig(1) ] . (47)
Taking into account (1) and (2), then the following expressions are obtained:

.o digg(®)  ug(®)  ig(OR,  @uOL,®)i 1) , ,

Vi (1) = s,(1) [ ot Lo T Lo + Ky (igq () = 14(0)) ] (48)
and

. 3 digg@ u, () i, OR; w0, ,(OL;0ig(1)  0aOF, ) )

B = 500 | =i - 15 1w L,® L+l - 1,0) | “
where

V(1) = Vg (1) + V,, (0). (50)

Calculating the equivalent inputs u, and u, which realize $,(r) = 0 and s,(¢) = 0 respectively through (48) and (49), the following
expressions are obtained of the ST-SMC controller:

dig (1) N R () _ (VL)1)

i T T + Ky (g — id(t))] (51)

Uy (1) = id(z)[

and
digg (1) . ijq(t) . we,(t)Aid(t)fd(t) . weA,(t)le
dt L,® L,® L,

ey = L,(0) [ + Iy (i (1) = 1,(0) ] (52)

where iy, I, o ﬁd and I:q are the states estimated by EKF. In fact, if (51) and (52) are inserted into (48) and into (49) respectively,
then ¥, = 0 and V;, = 0 are obtained. To obtain V,, < 0 and V;, < 0 it is enough to consider the following control law in accordance
with [37]:

ug (1) = Uy () + Ugeor(t) (53)
and
1o (1) = 1t (1) + geor (1) 649

So as already mentioned, the controller output of the ST-SMC contains two parts. The equivalent and the corrective part. The
corrective parts are given with:

Ugeor® = VU V1540 sgn(s (1) + &) (55)
éd(f) = W, sgn(s, (1)) (56)

11



T. Zwerger and P. Mercorelli Journal of the Franklin Institute 361 (2024) 106934

and

tgeor ) = /Uy 15,0 sen(s, ) + &) 7)

&,(t) = W, sgn(s (). (58)

The parameters U,, U,, W, and W, represent positive constants which, in order to ensure asymptotic stability, are calculated
according to [8,9], W, > §, and W, > §,, where &, is the upper bound of the derivative of the disturbance. In fact, considering the
model uncertainties and disturbances ¢,() and ¢, (1), through the two equivalent parts u.q and u.q the following expression from
(47) is obtained:

Vo) = 5oV VIO sn(s,0) = &40 + @4 (0] + 5,01 /U /15,01 sents, ) = &0 + 0,0)]

$4(D[=E4®) + 0 (D] + 5,(O[=5, (1) + @, (1)]. (59

IN

If the following transformations are considered:

t
x40 =-W, /0 sgn(sy(0)dr + @4(1) — @4(0) (60)
and
t
X, = —VK,/ sgn(s,(1))dt + @ (1) — ¢,(0), (61)
0

then expression (59) becomes as follows:

V@) < 5,000 + @(0)] + 5q(DLxg (D) + @, (0)] (62)
because
t
@) — @,(0) =/0 @) (D). (63)

From (60), (61) and (62), the following expression can be obtained:

t t t t
V) < sd(t)[—Wd/ sgn(s,(7))dt +/ @q(t)dr] + sq(t)[—VVq/ sgn(s,(z))dr +/ @q(v)dr]. 64)
0 0 0 0

It is straightforward to see that if W, > |¢,| < 6, and W, > |¢,| < §, then V() < 0. In fact, in accordance with the recalls of
Remarks 2 and 3 based on fundamentals for a sliding surface s(¢) of [36,37], also as shown in [8,9] being

t t
/ sgn(s(r))dt = sgn(s(t))/ dr (65)
0 0
and being W, and W, constant parameters, then (64) can be written as follows:
t t t t
V() < s (0[— sgn(sd(t))/ W,dr +/ @q(n)dr] + s, sgn(sq(t))/ W,dz +/ @y(r)d7] (66)
0 0 0 0
and it follows that
t t t t
V() < —Isd(t)|/ W,dr + sd(t)/ @q(t)dr — Isq(t)l/ W,dz + sq(t)/ @ (v)dr 67)
0 0 0 0
and thus
. t t t t
V) < —|sd(t)|/ W,dt + sd(t)/ @q(r)dr| — |sq(t)|/ W,dz + sq(t)/ @q(0)dz|. (68)
0 0 0 0
Applying the property of the absolute value with respect to the product of two functions, it follows:
t t t t
V() < ~Is0) / Wode + 1540 / Ga(@)dT| — 15,0 / W,d + 1s,(0) / o, (0] (69)
0 0 0 0
If the property of the absolute value with respect to the integral function is applied, then it follows:
t t t t
Vo) < ~lsa0) | Wade 415,01 [ lou@ldz=15,00 [ Wz + 15,01 [ 10, 0dr (70)
0 0 0 0
and from (70), then
. t t
V() < lsg0) / (1941 = W, )ar +1s,0) / (1041 W, )az 1)
0 0

and from (71), then if W, > |¢,4| < 6, and W, > |¢,| <6, then V(1) <0. [

12
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Remark 4. The parameters U, and W, are two positive constants that should be manually tuned to be large enough to ensure a
good performance. A good rule of thumb is to set W, = 1.1U, for a generally good dynamic tuning, as in [38,39] or in [40]. It is
well known that ST-SMC, in order to obtain asymptotic convergence, does not require the a priori knowledge of the upper bound of
the perturbations and/or model uncertainties, but it is only necessary to assume that the derivative of the perturbations and model
uncertainties are bounded. However, in case a finite time convergence is requested, then the a priori knowledge of the upper bound
of the model uncertainties and disturbance is required as a sufficient condition, see [41].

5. EKF for saturated conditions
5.1. Calculation of the bivariate polynomial

To calculate a better model for the inductance parameter estimation in the EKF, a bivariate polynomial with help of some
measured setpoints is calculated and given into the EKF. The advantage is the better estimation in a saturated region, due to the
better model quality. In (72) the general form of the bivariate polynomial is given by

f ::n—»Z(Zai,jxiyj). (72)
i=0 =0

To build the model for the EKF, the coefficients must be calculated using ®, and ®, in (73) for the bivariate polynomial of the
current-dependent inductance.

T -1 T
[ 0, _ Xd/qxd/q :| |: Xd/qLdD :| (73)
T T ’
6‘7 Xd/qu/q Xd/quD

The calculation of X, /, is done using the current vectors I; and I;:
Ig= [ =350 -150 0 | 74)
and
I, =[ 0 200 350 |. (75)
After calculating the current vectors, the matrix for X, is calculated:
IO 1Y 1,y Ty
Xijg = Iq(Z)IE IdT A102) ENTRENN ENTR B (76)
Iq(3)1§ IdT 1,3y Ly

By adapting the example in (72) the following structures for dependence of the currents i, and i, are obtained:

[ L,.D ] [ 0,0, (OHI,(1)+6,@)1,(1)+6,3)I,(1)+6,4)
L2 |=| 0,02 +6,21,1)+0,3)I,2) +6,4 | (77)
| L3 | [ 0,0, (DI,3)+6,@)1,1)+6,3)I,3)+6,4)
In dependence of the current i, the following structure is obtained:
[ L, | [ 0, (I +6,)I;(1) + 0,3)I,(1) + 0,44
L,2. 1) [=]| 6,)I;QI(1)+6,DI,(2)+0,3),2)+6,4 | (78)
| LyG. D) | [ 64D, (1) +60,D14(3) + 0,3)1,(3) + 6,(4)

Figs. 6 and 7 represent the inductances L, and L, calculated in dependence for its current vectors Iy and I;. The inductances
L, and L, then can be written in (79) and (80) with

Ly(1) = 0,(D)ig®ig (1) + 604(2)iy(1) + 04(3)i (1) + 6,4(4) (79)
and
Ly (1) = 0,(Dig(0i, (1) + 0,2)i, (1) + ©,(3)iy(1) + O,(4). (80)
A good explanation of the calculation of the bivariate polynomial for the PMSM is given in [42].
6. EKF for estimation of inductance
The EKF offers the possibility to estimate the parameters of a nonlinear system by linearizing the model functions by a Taylor
series. A basic background shall be given of the proposed EKF for better understanding of the implemented structure in the following

text. A good overview as well as a tutorial for the EKF background and the implementation of different KFs is given in [43].

13
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Bivariate Polynomial Ld

%1074

26
24

22

Ly H]

-200
16 -

350 300 250 200 150

100 5 400 i [A]
i, 1A

Fig. 6. Calculated bivariate polynomial L,.

Bivariate Polynomial Lq
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Fig. 7. Calculated bivariate polynomial L,.

6.1. EKF background

In [44], the a priori estimation of the state can be seen and written down as follows:

X7 (k+1) = f(x(k),u(k), w(k)), keN (81)

with the function f(&,u, w) that stands for a nonlinear field which is used to model a system to be considered. After calculating the
Jacobian matrix J, the a priori error covariance of the state prediction can be calculated as follows:

P (k+1)=Jk+1DPUk)J(k+ 1T +0, (82)

with P representing the a posteriori error covariance matrix at the previous step k. The covariance matrix of the process noise is
given with matrix Q and can be interpreted as the quantification of the uncertainty of the model. The reliability of the model can
be seen from the values of the trace in the matrix, that is, the smaller the values, the higher the reliability of the model. Last but

not least, the Kalman gain K has to be calculated. The Kalman gain is used as minimization for the a posteriori error covariance
and is set up with

K(k+1)=P (k+ 1)HT(HP (k+ DHT + R,)™". (83)

14
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The matrix R,, is the covariance matrix for the measurement noise. From these descriptions, it can be seen that the matrices Q and
R, represent the tuning parameters of the system. The output Jacobian matrix is defined by the usage of matrix H. It is used as an
indication for the EKF algorithm to define which state serves as the measurement. Considering the a posteriori estimation, (84) has
to be considered.

Xk+1D)=x"(k+ 1D+ K(k+ 1)(z(tk+1)— HX (k+ 1)), (84)
with
zi(k+1) = x(k+ 1)+ v(k + 1), (85)

where z, gives the data that is measured and in which the vector signal v gives the measured white Gaussian noise. As defined
before, the vector signal v is associated with the sensoring system and assumed to be independent of process white Gaussian noise.
The a posteriori estimation of the error covariance is given below with (86)

P(k+1)=( - K(k+1)H)P(k + 1). (86)

When considering the combined extended Kalman filter (CEKF), it has to be kept in mind, that it divides the states to be estimated
in two models, one for the estimations of the electrical states like currents and inductances (i, igy Ly and L) and another one
for the estimation of the mechanical states like /oad, 6, and w,. An example for the usage of the CEKF in another context is given
in [45].

6.2. The proposed CEKF

In the proposed analysis, the operating point of the motor can also be in the saturation region and thus the estimation of L, and
L, is of particular interest in the optimization procedure and also for the decoupling control realized with the equivalent part of
the ST-SMC. The electrical model, obtained with a forward Euler discretization and sampling time T is described by the following
equations for the currents in (1) and (2):

gk ) =iy ugk) iR, | @ (K)Ly(K)ig(k)

k) = = — s 87

fa(k) Ts L, L,k L,k (87)

o e D —ig) k) i ORs @, (K)Ly(K)ig(k)  @a (k)P

(o) = Ts T Lk Lk L,(k) L 68
The calculations of the inductances L, and L, are given in (79) and (80) and their discrete differentiations are as follows:

L;(k+1)— L,k ~ ~ ~ -

% = 0,(1)i (K)iz(k) + 04 (1)iy(k)iy(k) + 6,(2)iy (k) + O,4(3)i, (k) (89)
and

Lok +1) = L(k) . . - -

T = 0, (K)iy(k) + 0,1y (k)i (k) + O, (2)iy (k) + 6,3)i, (k). (90)

Ts

The estimation of the a priori states £~ (k + 1) is represented in (91). Therefore (87) and (88) for the discrete derivatives of the
currents i; and i, as well as (89) and (90) for the discrete derivatives of the inductances L, and L, are used.

. s o TR0 | Topo,RigLk) | Tk

ij(k+1) 14(k) 0) Ta(k) La(k)

I (k+1) P (k) — BEpebiglolyl) _ ToRig®) | Taug®) _ Tppor )

. = q Lyt L,k Lok Lok . 91)
Litk+1)

L) + T (6,41, (k)ig (k) + Oy (1)iy (k)i () + 6 ,4(2)ig (k) + 6,4 (3)iy (k) )

Lyk+ b Ly (k) + T, (0,(Dig(k)iy(k) + 0,(1Di, (k)ig (k) + ©,(2)ig(k) + 6,(3)i, (k)

In the EKF, the discrete nonlinear system equations in (91) are used for estimating the a priori states £~ (k + 1) in the prediction
step. From the data sheet, the initial values £*(0) can be obtained for the inductances L, and L, while a value other than 0 can be
written for the initial values of the currents i, and i,. The estimation of the a priori states X~ (k + 1), that is, the predicted states, is
performed in the EKF using the a posteriori estimate ¥ (k) of the last iteration. The Jacobian matrix, calculated at the a posteriori
corrected states, is used to linearize the nonlinear system equations of the electrical model in the estimation process of the EKF.

[ oi;(k+1) a?;(k+1) di;(/ﬁ-l) df;(k+l)
94 (k) iy (k) Ly (k) oL, (k)
af;(k+1) a?;(k+1) ai;(k+1) af;(k+1)
ai (k) 91, (k) oL, (k) oL, (k)
Jk+n=| o ! . (92)
oL (k+D) oLkt oLj(k+D) oLy (k+1D)
94 (k) iy (k) Ly (k) oL, (k)
oL (k) OLyGk+1)  oLiGk+D) oLy (k+D)
0ig (k) i, (k) oLy (k) oL, (k)

15



T. Zwerger and P. Mercorelli Journal of the Franklin Institute 361 (2024) 106934

4\% SMC/PI

Fig. 8. HIL Setup for SMC and PI control structure.

After calculating the Jacobian matrix by using the estimation results of the last iteration, we get the following 4 x 4 matrix for the
electrical system:

o R JH) i,(k)
s id(k) Tswel(k) id(k) J_fl} T:wel(k) id(k)
- Loy _p R _ )
Jf(k + 1) = Tswel(k) I:q(k) 1 Ty j‘q(k) Tswel(k) ﬁq(k) "f24 . (93)
"f31 stz "f33 ‘]f34
Iy 41 Jf4z Jf43 I, 44

The elements J,, and J,,, to J,, are reported in the appendix.
7. Measurements and results

The measurements were taken with a HIL system. HIL systems which are gaining more and more importance, as the possibility
of a low-cost and flexible way of validating controls of individual machines up to entire systems have been optimized to date. It is
in no way inferior to conventional measurements on significantly less flexible and sometimes expensive measurement setups [46].
In Fig. 8 the picture of the HIL setup is shown. To go more in depth, the evaluation and validation of the theoretical part was
done with the HIL402 platform produced by Typhoon electronics. As the used PMSM machine model is a nonlinear one, the course
of the current-dependent inductances L, and L, can be given to the nonlinear machine model in the HIL schematic environment.
This makes it possible to compare the estimated inductance values with the measured real inductance test-bench values very easy,
by using the term ’real inductance’, the ’emulated inductance’ is meant. To evaluate the proposed control method, this inductance
has to be known. In the meantime, HIL systems have established themselves as a practicable and indispensable way of testing new
controls in industry, without losing any of the informative value of a test bench setup. Fig. 8 shows the schematic HIL setup of
the test environment used is shown. The simulation of a traction inverter and a PMSM in the Typhoon HIL402 is made possible
within a quasi-real-time environment. The code is written and generated in Matlab/Simulink and compiled into C-code, which is
implemented and tested directly. The HIL testbench for recording the measurements and results is the HIL Scada. The measurements
are divided into two ranges, the constant torque range and the constant power range. To be able to compare the presented ST-SMC,
a conventional PI scheme was presented, which holds the most widespread share of implemented schemes. Comparing the two
controls is difficult because the stability and dynamic performance depend on the parameter setting. For the setting of the PI current
controller, the setting according to the magnitude optimum was selected. This method is 'best practice’ for the PI controller and will
not be presented in detail here. Fig. 9 shows the characteristic course for the PMSM under test. It is made clear that the maximum
achievable torque for the constant torque range is about 310 N m and decreases, from reaching the corner speed, approximately in
an inversely proportional way with respect to the angular velocity. The measurements for the field weakening range were carried
out at a speed of 5000 rpm. Here, a maximum achievable torque of 250 Nm can be achieved.

Concerning the electrical parameters of the used interior PMSM, see Table 1.

7.1. The constant torque range

The results of the control of the currents in the constant torque range proved to be very similar for both controls. The scheme
used in both cases was that shown in Fig. 3 and was applied as a scheme for ST-SMC as well as for PI control. The constant torque
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Fig. 9. Characteristic Diagram for PMSM under Test.

Table 1
Parameters of PMSM under test.

PMSM parameters

flux distribution sinusoidal

stator resistance R; 0.016 Q

direct inductance L, 0.223e-3 Hz

quadrature inductance L, 0.751e-3 Hz

flux induced by magnets ¥, 0.058 Vs

inertia J 0.071 kgm™

number of pole pairs p 4
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Fig. 10. Torque with ST-SMC for the constant torque range.

range is characterized by the fact that here the control takes place at the current limit. In this range, the setpoints are defined on
the basis of the MTPA calculation rule. Fig. 13 shows the result for a conventional PI control, which was set up for a comparison
to the ST-SMC. As it can be seen, at the beginning there is a settling process and a slight deviation of the actual value from the
setpoint. This can be justified by the fact that the estimated inductance in Figs. 16 and 17 also undergoes a certain transient and
the estimate for the target torque is inaccurate towards zero. Fig. 10 on the other hand shows the result for desired and controlled
torque with ST-SMC in the constant torque range. Since the results from the estimation of the adaptive KF in Figs. 18 and 19 are
much more accurate, the deviation between the nominal and actual torque values is smaller. The estimation seems to work better
for the ST-SMC and does not require the use of nominal values in the control for torque requirement to zero. Figs. 14 and 15 show
the course of the direct and quadrature currents for PI control in constant power range. While the actual value for the direct current
in Fig. 14 follows the nominal value, the actual value for the quadrature current in Fig. 15 experiences a similar deviation as it can
be found in the course of the torque in Fig. 13. Figs. 11 and 12 on the other hand show the results for the control with ST-SMC
for the constant torque range. It can be seen that there is no deviation between the actual value and the setpoint value for the
quadrature current in Fig. 12, which is also reflected in the torque control value in Fig. 10.
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Fig. 11. Direct current with ST-SMC for the constant torque range.
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Fig. 12. Quadrature current with ST-SMC for the constant torque range.

7.2. The constant power range

The constant power range measurements were made at a speed of 4500 rpm at which the field weakening control strategy must
be active. In order to enable control in the field weakening range, the flux weakening is used instead of the control script of the
MTPA, which becomes active in the outer control loop. As can be seen in Fig. 3, the calculation of the voltage not to be exceeded is
obtained from the MTPA via the setpoint currents to be determined. In the field weakening range, the control at the voltage limit
is active by means of flux weakening, which is achieved by switching from MTPA to range II. For the constant power range, the
nominal values of the inductances have to be calculated for the PI controller for feedforward control and could not be used from
the estimation of the adaptive KF. In the constant power range, the adaptive EKF tended to be unstable, which increased as the
field weakening increased. As to be seen in Figs. 23 and 20, the maximum achievable torque in the field weakening area drops
to 250N m. As already indicated, the EKF could not be applied adaptively for PI control. In order to nevertheless enable a direct
comparison of the control with the ST-SMC, the values of the EKF for the inductance were estimated offline and transferred to the PI
controller as input for the actual measurement as a table of values. Since the value table is less accurate than for online estimation,
the dynamic behavior of the PI controller for decoupling with feedforward is not optimal, as can be seen from the quadrature and
direct currents i; and i, for control with PI in Figs. 24 and 25. The torque for control with PI in the constant power range shows the
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Fig. 13. Torque with PI for the constant torque range.
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Fig. 14. Direct current with PI for the constant torque range.

same inaccuracy as it is already present for the currents i, and i,. The ST-SMC shows good results for the torque in Fig. 20, even
though the deviation in the range of zero moment can be seen here, due to the worse estimation by the adaptive EKF. The ST-SMC
controlled currents for i, and i, follow the setpoints without overshoot and are stationary accurate in a steady state, as can be seen
in Figs. 21 and 22.

7.3. Aspects on the choice of the two PI parameters and some detailed results

The most common PI design methods are the symmetrical optimum and the magnitude optimum. The symmetrical optimum
method aims to maximize the phase margin, which optimally dampens the closed control loop. In the field of drive technology,
this setting rule is often used for the speed control loop, as it results in good disturbance behavior. The magnitude optimum is a
design method based on the frequency characteristic curve method that has established itself as a design method for current and
torque control loops. The design aims to compensate for the largest time constant of the controlled system and to set the gain of the
controller accordingly. This results in a setting with the best possible control behavior. In this context, optimization refers to the
optimization of the settling time. Since the PMSM is a cross-coupled system of d-axis and g¢-axis, when transforming into dg-reference
frame, this coupling must first be solved by a decoupling in form of a feedforward control. The feedforward control thus decisively
determines the dynamics of the system to be controlled. Only after successful decoupling the PI controller is able to work optimally.
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Fig. 15. Quadrature current with PI for the constant torque range.
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Fig. 16. Estimated direct inductance for the constant torque range in PI control.

In order to achieve the most efficient decoupling of the two axes d and g, it is helpful to know the machine parameters as precisely
as possible, what is done by the help of the presented EKF in the described work. The transfer function of the PI controller gain is

1
Gs) = Kyas + Ki . (94)

After the coefficient comparison carried out for the magnitude optimum method, the result for the design of the proportional and
integral controller gain K, and K; is as follows:
Ly
Koaro = 5 (95)
o
with 7z, as the dead time resulting from the measurement and calculation time of the closed control loop. For the integral
amplification part:
R,

Ki=5" (96)

o
A detailed derivation of the method of the magnitude optimum is given in [33]. Using the described strategies, the parameters
of Table 2 are obtained to validate the control method. It is to recommend that the calculated gains were scaled to the DC link
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Fig. 17. Estimated quadrature inductance for the constant torque range in PI control.
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Fig. 18. Estimated direct inductance for the constant torque range with ST-SMC control.

voltage of 600V. To give an index for the control performance, the resulting error for each control structure (ST-SMC and PI),
mainly consisting of overshoots and settling time, was given in Table 3. When looking at (97), it can be seen that the resulting
error includes the ratio of speed and overshoot of the two control structures as well. The error of resulting currents and torque is
calculated with

T
E= T /0 2 (r)dr. 97)

The results are obtained with the following matrices to tune the EKF: measurement noise matrix

le2 0
R = [ 0 132] . (©8)
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Fig. 19. Estimated quadrature inductance for the constant torque range with ST-SMC control.

Table 2
Control parameters for PMSM control with ST-SMC and PIL
SMC PI
Kp, 0.001
Kp, 0.005
K, 0.1
ky 2
k, 2
U, 450
u, 450
w, 1.10U,
W, 1.17,
process noise matrix
lel0 0 0 0
0 lel 0 0
= 99
0 0 0 le-7 0 (99)
0 0 0 le—4
and the following initial a posteriori error covariance matrix
1 0 0 0
0 1 0 0
P = . 100
7o 0 1e-3 0 (100)
00 0 le-3

8. Discussion and analysis

Before concluding, some discussions and analyses concerning the use of HIL to validate results, the role of the EKF, the applied
method including hardware, software and validation principles are provided.

8.1. Concerning the use of HIL in the results

To get an overview of various current HIL systems, which are used in industrial applications or in the automotive sector for
experimental investigations already in the development phase, [46] provides a very good overview. In the following scenario, the
HIL emulator is used to validate the estimation method and adaptive control both in the saturation range and under the influence
of cross-coupling effects and spatial harmonics. In order to illustrate the stability of the method, the measurement results are also
presented in the constant power range in addition to the constant torque range. Temperature effects and losses in the iron core
can be neglected, as the functionality of the control system presented is to be verified. This justifies the use of the HIL emulator
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Table 3
Comparison of control performance for PMSM control with
ST-SMC and PI

constant torque range

ST-SMC PI
iy 22 40
i 23 41
T 23 41
constant power range

ST-SMC PI
iy 18 39
i 17 40
T 17 40

E=1 [T @dr

T

5 10 15 20
Time [s]

Fig. 20. Torque with ST-SMC for the constant power range.

for experimental testing. The work in [47,48] shows how machine properties can be simulated by mathematical models in the HIL
emulator, taking into account cross-coupling effects, magnetic saturation and spatial harmonics. Another point is, that Typhoon HIL
uses ideal switches to modulate the inverter. By using ideal switches, there is no tendency to unphysical behavior, which can occur
while using model approaches with simplified equivalents. These ideal modulation switches can be parameterized with delay times
for the adjustment of the switch-on and switch-off behavior, which was implemented in the underlying work on the basis of the data
sheet for the IGBT module SKiM459GD12E4. On the basis of this data sheet, an additional consideration of the losses was made,
which was done by taking the typical forward characteristic of the diode and the typical output characteristic of the IGBT. Within
the HIL emulator, a linear state space model of each switch is calculated in advance for each switch position during the modulation
of the inverter, i.e. all calculations are performed for each switch position.

8.2. Concerning the role of EKF in the results

Showing the role of the EKF, [1] gives an example for a PI control method, where the online identification of the saturated
inductances is not considered, especially in the feedforward control, but with the nominal inductances for L, and L,. The result is
less dynamic behavior due to the lack of decoupling of the d-axis and g-axis of the PMSM. As the nominal values refer to the linear
range of the PMSM, [1] shows, that the online identification becomes important in the range of high torque demand. The higher the
load, the higher the occurring saturation in the inductance and therefore the deviation from the nominal value is. The decoupling
becomes less accurate and overshoots can occur, without using an online parameter identification like an EKF.
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Fig. 21. Direct current with ST-SMC for the constant power range.
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Fig. 22. Quadrature current with ST-SMC for the constant power range.

8.3. Concerning the proposed control strategy in the results

The proposed control structure works with an MTPA and a field weakening control in the outer control loop. Due to the
calculation basis of both structures, it follows that this is only valid for PMSMs where L, is not equal to L, and thus represents
a limitation for PMSMs with surface magnets. The control structure was validated for a PMSM with buried magnets, whereby the
underlying inductances are small, so that the PMSM can be regarded as low impedance. It should be noted that the smaller the
inductances, the more difficult it is for the EKF to estimate them. For this reason, the underlying control strategy for PMSMs with
buried magnets can be considered valid over a wide range.

8.4. Concerning the selection of the ST-SMC and EKF parameters

We have two kinds of specific parameters to identify: the control parameters of the ST-SMC and the tuning parameters of the EKF.
Concerning the parameters for the ST-SMC, U, and W, should be tuned in a way to find a tradeoff between speed of convergence
(large enough U, and W) and feasible input signals (small enough U, and W) to be realized with standard electrical drives. The
HIL system therefore is a great step to detect the best tuning parameters before a test bench measurement, without the risk, that an
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Fig. 23. Torque with PI for the constant power range.
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Fig. 24. Direct current with PI for the constant power range.

incorrect setting could lead to a shutdown or even destruction of one of the system-relevant components. The Typhoon HIL then is
the scaled electrical drive, where noise and nonlinear saturation effects are emulated with an FPGA.

The most critical parameters are the tuning parameters Q (covariance matrix of the process noise), see (99), R,, (covariance
matrix of the measurement noise), see (98) and P, (initial a posteriori error covariance matrix), see (100) of the EKF. These
parameters are the most important because the correct EKF tuning guarantees stability and controllability by providing the important
control parameters for the ST-SMC. These parametric uncertainties can be effectively managed by the EKF through its statistical
nature. Figs. 26 and 27 indicate that in the beginning the variances of the errors start decreasing fast and then remain at their
possible minima. We cannot guarantee that the EKF obtains the global minima of the errors, as the EKF just approximates the strict
hypotheses related to optimality and convergence, see [44]. Nevertheless, using HIL again helps to identify and validate optimal
conditions.
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Fig. 25. Quadrature current with PI for the constant power range.
-3 A posteriori error variance
9.95 X 10 AP ‘ . :
9.94 1
—P(L,)
9.93 | 1
9.92 1
9.91¢} 1
9.9 C L L L L 1
0 0.5 1 1.5 2
Time [s]

Fig. 26. Course of the error variance matrix of P(L,).

8.5. Concerning the HIL implementation

The KF and especially the EKF are known for their computationally intensive operations. As Moore’s Law predicts, the density of
transistors located on an integrated circuit is expected to double every year. This prediction, which has largely come true, has led to
the KF being much easier to be used today. Nevertheless, there may be restrictions that make it necessary to limit the sampling time.
In [1] an EKF estimation with a backward Euler discretization is presented, which is able to work with a significantly lower number
of sampling steps. In [42], on the other hand, the software is implemented on a TI DSP F28335, on which an adaptive EKF estimation
with the help of a forward Euler discretization is programmed. When implementing the control strategy, it is therefore important to
consider the hardware conditions for the computationally intensive EKF calculations in advance and to take the resulting necessary
measures.

9. Conclusion

This paper deals with a sliding mode control together with an extended Kalman filter to robustify optimal control strategies in
the context of the torque control. The saturation of the inductance of permanent magnet synchronous machines is considered by
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Fig. 27. Course of the error variance matrix of P(L,).

calculating a bivariate polynomial for L, and L, and bringing it into the estimation of the Kalman filter. The control was set up
for the constant torque range as well as for the constant power range, where maximum torque per ampere and flux weakening are
used in an outer control loop for calculation of the optimum setpoints. The sliding mode control was compared to a proportional
integral control which is a conventional control method for permanent magnet synchronous machines. The results were validated
by measurements using hardware in the loop with Typhoon HIL402.
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Appendix

A.1. Discretization equations

. ) T
T, = (Ryig(k) = o (k)i (k)L (k) - ud<k))% (101)
T,
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