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Abstract: The article presents and compares two different control methods for a permanent magnet
synchronous motor (PMSM) for diesel–electric ship propulsion. The main focus of the article is on control
optimization, which allows improving energy efficiency by reducing reactive power in the mechatronic
propulsion system. The first method consists in modifying the commonly used field-oriented control
(FOC) strategy to ensure zero reactive power in the inverter–PMSM system. Since a characteristic of ship
propulsion systems, unlike those used on land, is the step load on the propulsion motor, the system’s
performance in dynamic states is particularly important. Unfortunately, control strategies based on FOC
do not take into account the dynamics of the system, since they apply only to steady states. Therefore,
the authors of this paper, based on control theory methods, proposed an approach that also optimizes
control in dynamic states, while minimizing reactive power in the steady state. The analytical studies
were confirmed in simulation studies using the MATLAB Simulink package.

Keywords: diesel–electric propulsion; permanent magnet synchronous motor; energy optimization;
I/O linearization method

1. Introduction

Due to the fact that approximately 80% of world trade is carried out by sea [1],
maritime organizations and designers of ship systems are looking for solutions limiting the
negative effects of ships on the environment. In this context, the International Maritime
Organization (IMO) has presented rigorous regulations concerning the design of ship
systems by introducing the Energy Efficiency Design Index (EEDI) [2–5]. The introduced
regulations pose a great challenge for engineers, who (at every stage of ship design) are
looking for solutions to improve the EEDI by applying new technologies or increasing the
efficiency of currently applied systems.

The most frequently used ship propulsion system is an internal combustion engine
mechanically connected to a propeller with a constant pitch or with a variable pitch (less
frequently). The main disadvantage of internal combustion engines is their low efficiency—
especially at low engine loads. The typically used low-speed diesel engines show up to
50% efficiency at optimal load [6]. It should be stressed that ships with combustion engines
and fixed propellers have maneuvering limitations.

Nowadays, this propulsion is a solution commonly used for ships, which move at
design speed [7] for most of their operation.

For ships that require high flexibility of the propulsion system, e.g., cruise ships, ferries,
pleasure vessels, and offshore ships (anchor handling tug vessels, accommodation ships,
supply vessels), thanks to the development of power electronics technologies, diesel–electric
propulsion systems have been an alternative solution to internal combustion engines. In
addition, this drive is characterized, among other things, by high reliability and overall
cost reduction (investment and exploitation) [7,8].

The traditionally used power generation system and the ship propulsion in the diesel–
electric system are presented in Figure 1 [7,9–13].
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Figure 1. Traditionally used ship propulsion system in the diesel–electric system (AC grid).

Compared to the propulsion of a ship with an internal combustion engine, the effi-
ciency of the diesel–electric propulsion at full load is lower due to additional losses of the
power electronics system and the electric motor (approximately 4% [7,14]). However, with
a reduced load, the efficiency of the diesel–electric system is greater. This is due to the
operation of a smaller number of generating sets, and thus the optimal operation of the
remaining generating sets. In ships with AC grids, all generating units operate at a constant
speed in order to ensure the stability and safety of the ship’s power grid.

Increasing the efficiency of the diesel–electric system and therefore increasing the
efficiency of the drive can be achieved by using the topology shown in Figure 2.
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Figure 2. Ship propulsion system in the diesel–electric system with optimization of the operation of
generator propulsion engines (DC grid).

The ship propulsion system with optimized operation of generator propulsion engines
is also known (Figure 2) [7,15–20].

In the DC grid, it is possible to optimize the operation of generator propulsion engines.
Each diesel engine can run independently in the DC grid at optimal speed. Therefore, com-
pared to the traditional diesel–electric propulsion system with AC grid technology (Figure 1),
the ship’s propulsion system with DC grid technology (Figure 2) shows greater efficiency.

The use of different types of electric motors in the diesel–electric system is also associ-
ated with obtaining different levels of efficiency of the propulsion system.

The most commonly used motor in the ship’s electric propulsion is the externally excited
synchronous motor (EESM). Asynchronous AC motors and DC motors, despite attempts
to use them in the electric propulsion of ships, were not widely used due to technological
(design) limitations—especially for very high-power propulsion systems. The continuous
development in the technology of producing permanent magnets and the huge progress in
power electronics technology made it possible to use PMSM in the electric propulsion of the
ship. In addition to the well-known advantages of using PMSM motors (e.g., higher power
density, high reliability, lower weight and dimensions), these motors are mainly characterized
by higher efficiency (especially when the motor is underloaded) due mainly to the elimination
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of excitation losses (from 3 to 6%, depending on the load). Thanks to the possibility of using a
large number of pairs of poles, the lack of a need for gears (gear losses of about 2%, depending
on the number of gears used) also increases efficiency [21,22].

Currently, the main problem for designers of ship systems is the increase in the energy
efficiency of systems. Engineers are faced with the difficult task of limiting the ship’s energy
efficiency design index (EEDI), which is stipulated by regulations. It is very difficult to achieve.

However, the presented above-selected methods of increasing the efficiency of diesel–
electric propulsion of the ship, and thus increasing energy efficiency, do not completely
solve the problem.

There are known methods of improving the energy efficiency of control of a PMSM
propulsion system by expanding the topology of the power electronic system [23] or
complex control algorithms [24–26] in which the response of the system to abrupt (rapid)
large changes in the load and speed of the motor, which occur on the ship, is omitted.

Therefore the authors in this article propose two new methods of controlling the
PMSM motor in the diesel–electric propulsion system of a ship, increasing the propulsion
efficiency by reducing the reactive power in the inverter–PMSM system. The first method
presented in the article is based on steady-state analysis, the effectiveness of which was
confirmed by comparison with the classical FOC method of PMSM control. The second
method of control is based on the output feedback linearization [27] and LQR optimal
control [28] methods. This approach, in addition to reducing reactive power in the steady
state, also makes it possible to reduce torque oscillations in dynamic states (which is the
case with the first method presented).

The paper is organized as follows:
Section 2.1 presents the steady-state PMSM control method based on the use of the physical

properties of the system with energy optimization and presents the results of the study.
Section 2.2 discusses the details of the analysis of the I/O linearization method providing

energy optimization and further ensuring optimal steady-state behavior of the system.
The article concludes in Section 3 with comments on the results.
Section 4 summarized the effectiveness of the two methods in terms of energy efficiency

and the second method of optimization in the dynamic state.

2. Methods and Results
2.1. Energy Optimization of the PMSM Propulsion System in a Steady State Based on the Use of
the Physical Properties of the System

This subsection will present an energy optimization method based on the analysis of
steady-state electromagnetic processes, which was compared to the classic FOC control
method. Analysis and simulation studies confirming the effectiveness of the method were
carried out using the MATLAB Simulink program.

The equivalent electrical diagram of the PMSM propulsion system is presented
in Figure 3.
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The PMSM control system is based on the selection of a coordination system in such a
way that variables defining its dynamics are constant in a steady state.

The UM mathematical description is conducted in the synchronously rotating system
of d, q coordinates, which are closely connected with the PMSM magnetic field. The d axis
coincides with the magnetic field vector. Then the electromagnetic force E will coincide
with the q axis. The nonlinear model of the PMSM machine can be written in the form of a
system of differential Equation (1).

Uacd(t) = r1 Id(t) + L1
dId(t)

dt −ωL1 Iq(t),

Uacq(t) = r1 Iq(t) + L1
dIq(t)

dt + ωL1 Id(t) + ψ0ω,

Te = 1.5pψ0 Iq(t),

J dωm
dt = Te − TL.

(1)

where:
Uacd(t), Uacq(t), Id(t), Iq(t)—the inverter output voltage and stator currents (PMSM) on

the d and q axes;
ω = pωm—voltage pulsation at the inverter output;
ωm—angular speed of the machine’s rotor;
J—inertia;
p—number of machine’s pole pairs;
Te—electromagnetic moment of the machine;
TL—load torque;
r1—stator winding phase resistance;
x1 = ωL1 = p ωmL1—inductive reactance of the stator winding phase (L1—inductance

of the stator winding phase).
By analyzing the system (1), it is easy to notice that for specified ωm and TL there

are an infinite number of equilibrium points (steady states) of the system, associated with
input pairs (Uacd, Uacq).

Therefore, there is a natural problem of selecting a pair of inputs (controls) Uacd* and
Uacq* in such a way as to ensure the reset of the system’s reactive power (Qac = 0), which
we will refer to as energy optimization [21,29,30].

For this purpose, we conduct the following analysis:
In the steady state, electromagnetic processes presented by Equation (1), describing

the propulsion, take the following form:

Uacd = r1 Id − x1 Iq,
Uacq = r1 Iq + x1 Id + Eq.

(2)

where:
Eq = pωmψ0 = ωψ0—electromotive force of the PMSM stator.
The Equation (2) can be presented in a vector form as follows:

Uac = E + r1 I1 + jx1 I1 (3)

where:
Uac, I1, ψ0, E = jωψ0—resultant (spatial) vector of variable electromagnetic states of

the system.
In the mathematical description, the variables in Equation (3) are vector values. This

enables building a vector diagram and evaluating the physical properties of the system.
Figure 4 shows the vector diagram for the inverter–PMSM system with energy optimization.
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By performing the energy optimization (Figure 4), Uacd, Uacq control signals in d, q
coordinates are set in such a way that the phase shift between the voltage vector Uac and the
current vector I1 at the inverter output is equal to zero (ϕ = 0) (Figure 4). This is equivalent
to resetting the reactive power Qac = 0.

In the optimal mode of operation, the modulation phase can be determined on the
basis of the geometric relations of the vector diagram:

ϕm.opt = arcsin
x1 I1

E
= arc sin

L1 I1

ψ0
(4)

In order to obtain energy optimization in the inverter–PMSM system, a pair of control
inputs ought to be selected in accordance with the following equations:

U∗acd = −Uac sin ϕm.opt,
U∗acq = Uac cos ϕm.opt.

(5)

Currents in longitudinal (d) and transverse (q) axes can be determined on the basis of
the following relations:

Id = −I1 sin ϕm.opt,
Iq = I1 cos ϕm.opt.

(6)

from which it is easy to determine the current I1 defining the angle ϕm.opt on the basis of
Equation (4).

Now, having ϕm.opt and generating voltages Uac as an output from the PID controller
(driven by the error ∆ωm = ωm −ω∗m), Equation (5) determines the desired pair of controls
Uacd* and Uacq* ensuring energy optimization in a steady state.

Note that in the dynamic (transition) states, the adopted PID-type control is far from
optimal, and it is even difficult to achieve any desired specifications here.

Formally, the inverter output voltage is determined from the geometric relations of
the vector diagram:

Uac = pω∗mψ0 cos ϕm.opt + r1 I∗1 (7)
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Due to the fact that energy characteristics of the PMSM propulsion can be determined
from the following equations:

Pac = 1.5(Uacd Id + Uacq Iq),
Qac = 1.5(Uacq Id −Uacd Iq).

(8)

it is easy to check (by simple substitution) that the initial assumption (phase shift between
the voltage vector Uac and the current vector I1 at the inverter output is equal to zero) leads
to the reset of reactive power, i.e., Qac = 1.5(U∗acq Id −U∗acd Iq) = 0. The electromagnetic
moment (Te) in the steady state is equal to

Te =
2
3

pψ0 Iq (9)

The calculations were based on the data of an exemplary PMSM used in the ship’s
propulsion (Table 1) [31].

Table 1. Data of an exemplary PMSM used in the ship’s propulsion.

Parameter Volume
(Nominal Units)

Volume
(Per Unit)

Rated Mechanical Power 2.0 MW 1
Rated Apparent Power 2.2419 MVA 1
Rated Line-to-Line Voltage 690 V (rms) 1
Rated Phase Voltage 398.4 V (rms) 1
Rated Stator Current 1867.76 A (rms) 1
Rated Stator Frequency 9.75 Hz 1
Rated Power Factor 0.8921 1
Rated Rotor Speed 22.5 rpm 1
Number of Pole Pairs 26 1
Rated Mechanical Torque 848.826 kNm 1
Rated Rotor Flux Linkage 5.8264 Wb (rms) 0.896
Stator Winding Resistance, R1 0.821 mΩ 0.00387
Moment of Inertia, J 6 kgm2 1
d-Axis Synchronous Inductance, Ld 1.5731 mH 0.4538
q-Axis Synchronous Inductance, Lq 1.5731 mH 0.4538

Energy processes (dependencies: Pac and Qac to ωm and Te) calculated with the use of
Equations (4)–(8) are presented in Figure 5.
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Analytical results of PMSM control with energy optimization shown in Figure 5
confirm the effectiveness of the proposed method. The reactive power Qac over the entire
range of speed ωm and electromagnetic torque Te variation is zero (Figure 5b).

The electric propulsion system with PMSM, realizing energy optimization in the steady
state (Qac = 0), is presented in Figure 6. The system includes the following:

• Voltage inverter composed of transistors (VT1–VT6) and diodes;
• Synchronous machine (PMSM);
• Rotor condition sensor (SPS);
• Coordinate transformation module (abc/d,q—Park–Gorev transformation);
• Coordinate transformation module (d,q/abc—Park–Gorev inverse transformation);
• Pulse width modulator (PWM);
• Speed controller (SC);
• Optimization block (OB).
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In order to compare the control results of the PMSM system without and with energy
optimization, the commonly used field-oriented control (FOC) method was implemented
in MATLAB Simulink [32,33]. Figure 7 shows the energy processes in the inverter–PMSM
drive system during speed and torque changes without energy optimization.

The test results of the commonly used PMSM control method (FOC), shown in Figure 7,
prove that although the system responds correctly to the changes in the set speed ω*m
and torque Te*, the presence of non-zero reactive power Qac in the inverter–PMSM system
causes additional losses (losses in the inverter, in the connecting wires, and in the machine).

The preset load torque TL (Te*) and the preset angular velocity are assumed to be
constant only during the design process. In fact, TL is a disturbance, acting on the system,
which can be realized in different ways (it may, e.g., depend on angular velocity). All
changes in TL (or ω*m) can be interpreted as changes in the system equilibrium point.
As the designed closed-loop system is stable, the system state just tracks the varying
equilibrium point. Note that the step change of TL (as in the paper) can be considered the
strongest (worst) impact on the system.
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changes without energy optimization (FOC method).

The adopted PMSM propulsion system control strategy with energy optimization
(Qac = 0) in the steady state was implemented in the MATLAB Simulink program on the
basis of the model (Figure 6). PMSM parameters are shown in Table 1. During the tests,
torque, rotational speed, stator currents in the d, q system, and active and reactive power
during the operation of the propulsion system with energy optimization were compared.
Figure 8 present the results of simulation tests. The waveforms indicate the behavior of
electromagnetic torque (Te) in relation to the set load torque TL*, speed ωm in relation to
the set speed ωm*, active power (Pac), reactive power (Qac), and stator currents (on d and q
axes) Id and Iq in the inverter–PMSM system.

The test results of the proposed PMSM control method, shown in Figure 8, based
on the analysis of steady-state electromagnetic processes, show the correct response of
the system to changes in the set speed and torque (similar to the classical control method
(Figure 7)) while reducing the reactive power to zero at the same time. Additional losses in
the inverter–PMSM system associated with reactive power do not occur. Simulation studies
confirmed the analytical research presented earlier. The proposed control method enabled
energy optimization in a steady state to be obtained. In the dynamic state (t = 2 s), during
the change (reduction tests) in speed, there are oscillations in the electromagnetic torque Te.
This is connected with the fact that the synthesis of the speed controller in the classic system
is conducted in accordance with the criteria of the so-called “technical optimum” [34].
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2.2. Synthesis and Optimization of Dynamic and Static Control of a Propulsion System
with PMSM

An alternative approach to the issue, having the advantage that we can additionally obtain
optimal control in dynamic (transient) states, is the use of control theory methods [35–39].

In order to optimize the operation of the propulsion system in a dynamic state, taking
into account energy optimization (Qac = 0), an analysis with the use of input–output (I/O)
linearization and optimal control techniques was carried out.

2.2.1. Design of the Main Controller via I/O Linearization Method

To facilitate the analysis and for the sake of clarity, the traditional notations in the control
theory have been adopted. Let us first write Model (1) in the following state-space form:

dx1
dt = − r1

L1
x1 + px3x2 +

1
L1

u1

dx2
dt = −px3x1 − r1

L1
x2 − pψ0

L1
x3 +

1
L1

u2

dx3
dt = 1.5pψ0

J x2 − 1
J TL

(10)

where:

x1 = Id, x2 = Iq, x3 = ωm;
u1 = Uacd, u2 = Uacq.

In addition, the model parameters are the same as in Table 1; i.e., r1 = 0.821 mΩ,
L1 = 1.5731 mH, p = 26, Y0 = 5.8264 Wb, J = 6 kgm2, TL = 848.826 kNm.
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The considered control problem is to stabilize the state variable x3 on the desired x∗3
value, i.e., bring the system output

y = x3 − x∗3 (11)

to zero, by using control variables u1 and u2, where x∗3 = ω∗m denotes the desired value of ωm.
Analyzing the form of the above nonlinear system (10), one can observe that for

controlling the output y it is enough to manipulate only the control variable u2 while u1
may serve us as an extra (constant) control parameter which will be then used for the
system energetic optimization.

The synthesis of control u2 can be performed by the input–output (I/O) feedback
linearization, a method well known in the field of nonlinear control system engineering [27].

Based on this method, we transform Models (10) and (11) to the canonical form suitable
for the direct derivation of the control law u2.

However, to avoid the formalism of Lie derivatives, characteristic here, we repeatedly
differentiate the output (11) with respect to time until the appearance of control u2.

First we denote y1 = y.
Hence, using (10), we obtain the following:

.
y1 =

1.5pψ0

J
x2 −

TL
J

, y2 (12)

Differentiating (12) once more (and again using (10)), we obtain the following:

.
y2 =

1.5pψ0

JL1
(−pL1x3x1 − r1x2 − pψ0x3 + u2) (13)

Thus, we obtain the canonical form of some (sub)system of (10):

.
y1 = y2.
y2 = f (x) + g(x)u2

(14)

where:
y1 = y = x3 − x∗3 ,
y2 =

.
y1 = 1.5pψ0

J x2 − TL
J .

and
f (x) = 1.5pψ0

JL1
(−pL1x3x1 − r1x2 − pψ0x3),

g(x) = 1.5pψ0
JL1

.
(15)

As the control we are looking for has the following general form:

u2 =
− f (x) + k1y1 + k2y2

g(x)
(16)

we obtain the following specific formula:

u2 = (r1x2 + pψ0x3 + pL1x3x1) +
JL1

1.5pψ0
(k1y1 + k2y2) (17)

which, to be implemented, requires measuring access to the whole system state components
x1, x2, and x3.

The resulting feedback system for the transformed system (10) is therefore of the
following form:

.
y1 = y2.
y2 = k1y1 + k2y2
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Writing the last system in the matrix form[ .
y1.
y2

]
=

[
0 1
0 0

][
y1
y2

]
+

[
0
1

]
u (18)

where:

u =
[
k1 k2

][y1
y2

]
= k1y1 + k2y2

and selecting the standard quadratic optimality criterion

J(u) =
∫ ∞

0
(yTCy + uDu)dt → min

where C and D are criterial matrices of proper dimensions, we can see that this controllable
system can be appropriately (optimally) stabilized by the right selection of the gains k1 and
k2 via, e.g., the LQR technique. In other words, the proper choice of these gains can ensure
the required transient process of the system after a step change of certain quantities, e.g.,
the desired value of ωm or the load torque TL.

2.2.2. Analysis of the System Zero Dynamics

The partial transformation of the coordinates from x to y is defined by Equation
(15). After this transformation, we have obtained a new system (14) of the second order,
representing the external dynamics. As the original systems (10) and (11) are of the third
order, the missing part of the dynamics should be completed with the internal (zero)
dynamics (of the first order). The proof of the stability of the internal dynamics plays a
key role in the successful application of the I/O linearization method, as it guarantees the
stability of the whole (original) system (10).

To analyze the system zero dynamics, it is enough to examine the original systems
(10) and (11) assuming that their outputs are identically equal to zero. This leads to the
system’s restricted motion [27] being confined to the following set:

Z∗ =
{

x : h(x) = L f h(x) = 0
}
=
{

x : x3 − x∗3 = 0 ; 1.5pψ0
J x2 − TL

J = 0
}

=
{

x : x3 = ωm ; x2 = TL
1.5pψ0

} (19)

where:
y = h(x) = x3 − x∗3

The motion of the original systems (10) and (11) on Z∗, with the input [35]

u∗2 =
− f (x)
g(x) |x∈Z∗

= −pL1x3x1 − r1x2 − pψ0x3

represents the system zero dynamics:

dx1

dt
= − r1

L1
x1 + px3x2 +

1
L1

u1 (20)

As the term px3x2 is constant (see (19)) and u1 is also taken as a constant parameter,
this dynamics takes the form of a stable linear system:

dx1

dt
= − r1

L1
x1 + const (21)

By choosing u1 so that −px3x2 = 1
L1

u1, we can make the above system also asymptoti-
cally stable.
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In this way, we have proved that the control (16) found above stabilizes the whole
nonlinear system (10) regardless of the choice of the control u1 (in the form of some constant
parameter; compare (22)).

2.2.3. Energetic Optimization of the System Operation in Steady State

By choosing the control parameter u1 appropriately, we may achieve some extra prop-
erties of the system (10) in the steady state. We can, e.g., perform an energetic optimization
of the system operation by guaranteeing that the system reactive power is equal to zero.

Observe that by applying saturating control of the following form:

u1 = a · sat
(
−pL1x3x2

a

)
(22)

where:

a > 0—control parameter
we have a chance (by an appropriate choice of the parameter a) to influence the value of
variable x1 (in the steady state) without affecting the evolution (transient process) of the
variables x1 and x2.

This way, we have the possibility to perform some steady-state system optimization.
At this point, it seems reasonable to perform an energetic optimization of the

system operation in the steady state, i.e., to guarantee that the system reactive power
(cf. (8)) equals zero:

Qac = 1.5(Uq Id −Ud Iq) = 1.5(u2x1 − u1x2) = 0 (23)

To analyze the system (11) in the steady state, we assume that the derivatives on the
left-hand side are equal to zero.

Having access to the system state components x1, x2, and x3, we can see (from the first
equation of (10)) that u1 = r1x1 − pL1x2x3.

Since, in the steady state, u1 = a (cf. (22)), we have the following:

x1(a) = (pL1x2x3 + a)/r1 (24)

Now, from the second equation of (11), we obtain the following:

u2(a) = pL1x1(a)x3 + r1x2 + pψ0x3 (25)

In summary, the reactive power in the steady state is as follows:

Qac(a) = 1.5(u2x1 − u1x2) = 1.5(u2(a)x1(a)− ax2) (26)

To obtain Qac(a) = 0, we have to just solve simple quadratic Equation (26) with respect
to parameter a.

On the other hand, we can also influence the quality of the system transient process
(e.g., during a load TL step change) by appropriate selection of the gains k1 and k2 (cf. (18)).
It should be noted that for the implementation of the controller (17) and (22), the value of
the load TL need not be known.

2.2.4. Tests of the Propulsion System with PMSM Using Synthesized Control

Based on the above-mentioned analysis, tests with the use of the MATLAB Simulink
program for the DE propulsion control system of the ship (with synthesized control) were
carried out. A block diagram of the linearized I/O system with energy optimization (Qac)
is presented in Figure 9.
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Figure 9. Block diagram of I/O linearized system with energy optimization (Qac).

Control signals Uacd and Uacq, worked out by the controller system in accordance with
the strategy presented above, are setpoints for the Park–Gorev inverse transformation in
the PMSM control system (Figure 6).

Simulation tests of the PMSM propulsion system with the use of the I/O linearization
method allowing for dynamic optimization and energy optimization (Qac) in steady state
were conducted on the basis of the model implemented in the MATLAB Simulink program.
Figure 10 presents the behavior of the electromagnetic torque (Te) in relation to the set
load torque TL*, speed ωm in relation to the set speed ωm*, active power (Pac) and reactive
power (Qac), and stator currents Id and Iq (d and q axes) in the inverter–PMSM system.
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The test results of the proposed PMSM control method shown in Figure 10 show
energy optimization (Qac = 0) of the inverter–PMSM system in the steady state similarly to
the first proposed method (Figure 8). At the same time, the correct response of the system
in dynamic states should be noted. There is no oscillation of the moment when the speed is
changed, as was the case with the first method.

3. Discussion

The article presents two methods of controlling the ship’s electric propulsion. They
enable obtaining energy optimization of the system by reducing the reactive power in the
inverter–PMSM system (Qac = 0).

The results of analytical tests (Figure 5) confirmed in the simulation tests (Figure 8)
of the modified classic method regarding the PMSM control, based on the analysis in the
steady state, enabled optimizing the mechatronic propulsion system of the ship in terms of
the energy criterion. Reactive power in the inverter–PMSM system has been (practically)
reduced to zero. Therefore, the currents and losses in transmission lines (in the inverter
and in PMSM) were limited.

The simulation results of the modified classic method of PMSM propulsion control
(Figure 8) indicate the appropriate reaction of the system to the change of the set parameters
(TL*, ωm*) in the steady state. This results from the assumptions of the method. Oscillations
in the electromagnetic torque Te (t = 2 s), when changing the set speed, are connected with
the lack of proper control of the system operation in the dynamic (transient) mode.

To cope with this problem, this article also proposes an alternative approach based
on the methods of control theory (Section 2.2). The I/O linearization technique associated
with the LQR method, from the area of optimal control, was used for a nonlinear PMSM
model with energy optimization (Qac = 0).

The results of simulation tests for this control method, presented in Figure 10, demon-
strate the same reaction of the system in the steady state as in the classic method (Figure 8).
In the steady state, the reactive power Qac in the inverter–PMSM system is equal to zero
(energy optimization). Note however that in the dynamic mode (at the change of a set
speed, t = 2 s), there are no oscillations in the electromagnetic torque (Te), as was observed
in the classic control method (which copes only in the steady state).

The paper does not address the problem of knowledge of the model parameters and their
errors. However, the influence of disturbances in the form of variable (step change) TL (or
ω*m) has been considered. It should be noted that the approach presented in Section 2.2 allows
for straightforward generalization to the adaptive version (cf. [40]) which is in preparation.

4. Conclusions

Methods of reactive power compensation based on instantaneous power analysis [41,42]
in electrical systems and reactive power reduction in drive systems with PMSMs based on
steady-state analysis (e.g., [43–46]) are known. Most of these methods are characterized by
a complex control algorithm or a complicated system topology.

The first method proposed in the article (Section 2.1), whose simple control algorithm
is based on steady-state analysis, is an effective energy optimization without significantly
burdening the processor unit in the control system. The disadvantage of this method, as
demonstrated by tests, is torque oscillations when dynamic changes in torque or speed occur.

The ship propulsion PMSM control strategy proposed in Section 2.2 (the second
method), based on the I/O linearization technique associated with the LQR method, is
effective for steady-state energy optimization. In addition, it eliminates the disadvantage
of the first method by optimizing the system in transients, as studies have shown. The
authors recommend this control method in ship propulsion systems where rapid changes
in propulsion load occur (especially in bad weather conditions). The authors have not
found a control method in the literature that integrates these two functions (steady-state
energy optimization and transient optimization).
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The optimal control system synthesis of the PMSM electric drive can also be used
in other PMSM drives, especially in high-power drives, where it is important to reduce
reactive power in the inverter–PMSM system. For drives used on land, where there are no
dynamic changes in load and speed (e.g., fans in industry), the first method is recommended
because the control algorithm is simple (no load on the processor unit).
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