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Abstract—In this paper, the performance of gradient-based
predictive pulse pattern control (GP3C) is evaluated for a
medium-voltage variable speed drive consisting of a three-
level neutral point clamped (NPC) inverter and a medium-
voltage induction machine. To this end, real-time tests are
performed in a hardware-in-the-loop (HIL) environment, which
along with extensive simulation studies, elucidate the potential
of and performance gains achieved with GP3C. As shown, by
manipulating offline-computed optimized pulse patterns (OPPs)
in real time such that the stator current of the machine follows
a pre-calculated optimal current trajectory, superior steady-state
and transient performance can be achieved. Specifically, the
current total demand distortion (TDD) is significantly reduced
compared with established control methods, such as field oriented
control (FOC) with space vector modulation (SVM), while shorter
settling times during transients are achieved. Finally, to complete
the assessment of the control method of interest, real-time
implementation aspects are discussed in detail.

Index Terms—Medium-voltage drives, model predictive control
(MPC), optimized pulse patterns (OPPs), reference trajectory
tracking, optimal control, pulsewidth modulation (PWM).

I. INTRODUCTION

MEDIUM-voltage (MV) drives are widely utilized in

industrial applications such as pumps and fans [1]. In

such processes, it is attractive to use variable speed drives

(VSDs) as they allow for operation of the machine at an

adjustable speed and/or electromagnetic torque. To achieve

this, control methods such as field oriented control (FOC) [2],

[3], or direct torque control (DTC) [4], need to be employed.

Moreover, since high-power converters are used to drive the

MV machines, these control techniques need to operate the

VSD at low switching frequencies to keep the associated

power losses low [5].

An alternative control method that has been gaining interest

in the power electronics community is direct model predictive

control (MPC), especially in its form as a controller with

output reference tracking, which is also known as finite control

set MPC (FCS-MPC) [1], [6]–[8]. This strategy, when properly

designed, can simultaneously tackle several control objectives

in an optimal manner, thus ensuring very good steady-state
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behavior [9]. In addition, the fact that control and modulation

are addressed in one computational stage enables very fast

transients, limited only by the physical limitations of the

VSD system [1]. However, FCS-MPC suffers from a variable

switching frequency and spread harmonic spectra, while the

optimization problem underlying direct MPC is usually very

challenging to solve in real time [1].

To address the above-mentioned pitfalls, some direct MPC

methods introduce an implicit modulator which fixes the

switching frequency and enables MPC to produce determin-

istic harmonic spectra [10]–[12]. Moreover, the optimization

problem can be cast as a quadratic program (QP) [13], which

is relatively easy to solve on an embedded system in real

time [14].

In this direction, a control strategy is proposed in [15],1

called gradient-based predictive pulse pattern control (GP3C),

which combines the benefits of optimized pulse patterns

(OPPs) [16], [17] and gradient-based direct MPC [12], [18].

The control problem of the GP3C scheme is based on the

minimization of the error between the stator current and its

optimal reference trajectory, as computed based on the nominal

OPP. The controller manipulates the switching time instants

of the offline-computed nominal OPP in real time and in

an optimal manner. In doing so, a superior steady-state and

dynamic performance can be achieved.

The control principle and problem formulation of GP3C are

presented in [15]. In a next step, it is desired to test the

effectiveness of the proposed control algorithm in a real-

world setting with the control algorithm implemented on an

embedded control platform. However, MV drives are typically

rated at a power greater than 0.5MVA and voltage in the

range of 3–6.6 kV. As can be understood, such systems are

not readily available for testing the control software, thereby

hindering the development of new control algorithms.

Given the advancement in digital processors and a steep

improvement in their computational abilities, these obstacles

motivated the evolution of various real-time platforms (e.g.,

PLECS RT-Box, Typhoon HIL, SpeedGoat, StarSim, etc.)

intended to support the development of power electronic cir-

cuits [19]. These real-time platforms provide great flexibility

1The current paper and the algorithm part [15] are a two-part series, where
the first part is dedicated to the control algorithm formulation and analysis.
The second part, i.e., the present paper, contains the performance analysis
based on a real-time hardware-in-the-loop system along with the relevant
implementation aspects.
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Fig. 1: Medium-voltage (MV) variable speed drive (VSD) system consisting of a three-level three-phase neutral point clamped (NPC) voltage source inverter
and an induction motor (IM). The inverter has a fixed neutral point potential. The dc link comprises two full bridge rectifiers connected to the grid via a
three-phase transformer.

by enabling real-time emulation of high-power systems, see,

e.g., [19]. As a result, hardware-in-the-loop (HIL) simulations

can be performed to accurately assess the controller perfor-

mance without the presence of the physical system. This can

be done under both nominal and adverse operating conditions,

such as faults and short-circuits, that would not otherwise be

tested in the lab. In doing so, testing and commissioning of

control software designed for MV power electronic systems

are facilitated, while providing a risk-free environment.

This paper seeks to augment the contribution and analysis

presented in the algorithm part [15]. To this aim, the behavior

of an MV VSD system—consisting of a three-level neutral

point clamped (NPC) voltage source inverter and an MV in-

duction machine—is emulated in this paper, by adopting a HIL

approach to enable the real-time testing of the proposed control

algorithm. In doing so, the performance of GP3C is assessed

in real time under both steady-state and transient operating

conditions, and an insightful and meaningful understanding of

the benefits of the proposed control scheme is provided. As

can be seen, for the relevant range of switching frequencies

for MV drives (i.e., lower than 500Hz) GP3C achieves a su-

perior performance when compared to state-of-the-art control

methods, such as FOC with space vector modulation (SVM).

The remainder of this paper is organized as follows. Sec-

tion II summarizes the GP3C control scheme. Section III

presents the HIL implementation, including details on the

real-time simulation of the MV VSD system as well as the

implementation of GP3C on a real-time control platform.

Subsequently, the corresponding performance evaluation is

reported in Section IV and compared with that of FOC with

SVM. Section V provides additional insight into the controller

performance, including its robustness to parameter variations,

and the effect of the tuning parameters. Finally, conclusions

are drawn in Section VI.

II. CONTROL PROBLEM AND ALGORITHM

This section recapitulates the main subject matter of [15]

by summarizing the drive system that serves as a case study,

the control problem, and the main working principle of the

GP3C algorithm. The block diagram of the discussed GP3C al-

gorithm is provided in Fig. 2.

A. Control Problem

Consider an MV VSD system consisting of a three-level

NPC voltage source inverter and an MV induction machine,

as shown in Fig. 1. The continuous-time model of the system,

in the orthogonal αβ-coordinate system, is written as

dx(t)

dt
= Fx(t) +Guabc(t) (1a)

y(t) = Cx(t) , (1b)

where F , G, and C , are the system, input, and output matri-

ces, respectively, and they can be found in [1, Appendix 5.A].

We use the transformation matrix K , where

K =
2

3

[

1 − 1

2
− 1

2

0
√
3

2
−

√
3

2

]

, (2)

to translate the three-phase switch position uabc =
[ua ub uc]

T into the αβ-frame. For a three-level inverter,

u ∈ U3 = {−1, 0, 1}3, i.e., it is an integer-valued vector.

For the drive system shown in Fig. 1, the stator current and

the rotor flux linkage are chosen as the system state, i.e.,

x = [isα isβ ψrα ψrβ]
T . The system output vector is chosen

as y = [isα isβ ]
T .

The control problem is formulated as a current control

problem, i.e., the main control objective is to achieve stator

current reference tracking. Assuming an (offline-computed)

OPP2 as function p(d,m), where d is the pulse number—

which directly defines the device switching frequency—and

m the modulation index, the current reference trajectory is,ref

at a given operating point is calculated based on it. This means

that is,ref is by definition optimal since it corresponds to the

current trajectory with the minimum distortions [21]. Hence,

by achieving as good a tracking of is,ref as possible minimal

current distortions are produced at steady-state operation.

Moreover, during transients, very fast transient responses of a

few milliseconds can be achieved such that, e.g., any changes

in the load are quickly dealt with. To achieve such a favorable

performance, the controller manipulates the switching time

instants of the nominal OPP that fall within a prediction

horizon of finite length.

2The OPPs are computed offline by minimizing an objective function that
accounts for the current total demand distortion (TDD) while assuming an
inductive load, see, e.g., [1, Chapter 3] and [20].
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Fig. 2: Block diagram of the gradient-based predictive pulse pattern control (GP3C) scheme.

B. Objective Function

Consider the time window Tp to serve as the prediction

horizon. Tp is an integer multiple of the sampling interval Ts,

i.e., Tp = NpTs, where Np ∈ N
+ is the number of prediction

steps. With the assumption that z ∈ N switching time instants

of the nominal OPP fall within Tp, we define the following

vectors

tref =
[

t1,ref t2,ref . . . tz,ref

]T
, (3a)

U =
[

uT
abc(t0) uT

abc(t1,ref) . . . uT
abc(tz,ref)

]T
, (3b)

t =
[

t1 t2 . . . tz
]T

. (3c)

In (3), tref is the vector of switching time instants of the

nominal OPP, U is the vector of the corresponding OPP switch

positions,3 and t is the to-be-computed modified switching

time instants.

With the above definitions, the objective function that penal-

izes the error of the stator current and changes in the nominal

OPP is written as

J =

z
∑

i=1

‖is,ref(ti,ref)− is(ti)‖
2

2
+ λt ‖∆t‖

2

2
, (4)

where ∆t = tref − t denotes the (to-be-applied) modifications

on the nominal OPP. The scalar weighting factor λt ≥ 0 is a

tuning parameter and prioritizes between the tracking accuracy

and the amount of modifications in the nominal OPP.

As (4) implies, the current evolution within the prediction

horizon Tp needs to be computed. To this end, gradients

are used with which the stator current evolves within Tp.

Specifically, considering that the z switching time instants of

the OPP divide Tp into z subintervals ∆tℓ,ref, where

∆tℓ,ref = tℓ+1,ref − tℓ,ref , (5)

and ℓ ∈ {0, 1, 2, . . . , z−1}, the current gradients can be easily

3Note that uabc(t0) is the switch position applied at the current time instant
kTs ≡ t0; it is the same as the switch position applied last during the previous
sampling interval.

Algorithm 1: Gradient-based predictive pulse pattern

control

Given uabc(t0), x(t0), is,ref,dq and p(d,m)

0. Extract the z switching time instants and switch positions that fall
within Tp from the nominal OPP p(d,m) to formulate tref and U .

1. Compute the current reference values is,ref(ti,ref), i ∈ {1, 2, . . . , z}.

2. Formulate the gradients m(tℓ,ref), ℓ ∈ {0, 1, 2, . . . , z − 1}.

3. Solve the optimization problem (8). This yields t∗.

Return t∗(k) that fall within Ts and modify the OPP accordingly.

computed as the OPP switch positions U are known, see (3b).

This yields the z gradients m(tℓ,ref), defined as

m(tℓ,ref) =
y(tℓ+1,ref)− y(tℓ,ref)

∆tℓ,ref

= C
x(tℓ+1,ref)− x(tℓ,ref)

∆tℓ,ref

.

(6)

Following, according to the gradient-based direct MPC

principle presented in [12] and [18], (4) is rewritten as4

J = ‖r −Mt‖2
2
+ λt ‖∆t‖

2

2
, (7)

where r depends on the reference values and measurements

of the stator current, while M is a matrix of the stator current

gradients, computed according to (6).

C. Control Algorithm

The algorithm works in the discrete time domain at equally-

spaced time instants kTs. In a first step, the offline-computed

nominal OPP p(d,m) is retrieved from the respective look-

up table (LUT), and the three-phase OPP is constructed.

Moreover, the optimal stator current reference values over the

prediction horizon are obtained and aggregated in the vector

Yref = [iTs,ref(t1,ref) i
T
s,ref(t2,ref) . . . iTs,ref(tz,ref)]

T . Follow-

ing, the computation of the gradient matrix M is performed

based on the nominal OPP switch positions within the horizon

and the corresponding predicted stator current. Finally, the

4The detailed derivation of (7) is presented in [15].
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Fig. 3: Block diagram of the hardware-in-the-loop (HIL) test bench.

optimally modified switching instants t∗ = [t∗1 t∗2 . . . t∗z]
T

are computed by solving the optimization problem

minimize
t∈Rz

‖r −Mt‖
2

2
+ λt ‖∆t‖

2

2

subject to kTs < t1 < · · · < tz < kTs + Tp .
(8)

As per the receding horizon policy, the switch positions that

fall within the first sampling interval Ts are implemented at the

corresponding time instants t∗. The aforementioned procedure

of GP3C is summarized in Algorithm 1. For more details, the

reader is referred to [15].

III. HIL SYSTEM IMPLEMENTATION

As depicted in Fig. 1, the VSD system of interest comprises

an MV IM fed by a three-level NPC inverter. The dc link of the

inverter is supplied by two full-bridge diode rectifiers.5 The

rectifiers are connected to a symmetrical three-phase grid via

a Y-YY transformer.6 For the performance evaluation of the

control algorithm, the complete VSD system is simulated on a

PLECS RT-Box, while the controller is deployed on a dSPACE

SCALEXIO embedded control system. A block diagram of the

HIL test bench is shown in Fig. 3, while Fig. 4 presents the

real-time implementation in a more detail.

A. Platform and Test Bench

The HIL system implementation employs the PLECS RT-

Box 1 which utilizes a Xilinx Z-7030 system-on-chip (SoC)

as the processing unit. It consists of a field-programmable

gate array (FPGA) with two embedded CPU cores. The VSD

system shown in Fig. 1 is simulated on the processor of the RT-

Box with a sampling interval of Ts,HIL = 5 µs.7 The RT-Box

FPGA performs the data acquisition (DAQ), thereby ensuring

high fidelity of the real-time simulation. The switching signals

for the inverter are generated by the control platform described

below, and supplied via digital inputs. To close the loop, the

measurements acquired from the system are fed back to the

control platform via an analog interface.

5Diode rectifiers are used in most electrical drives to reduce the overall
cost of the system, particularly when a generating mode is not required.

6Typically, a Y-Y∆ transformer is used in MV applications as a 12-pulse
rectifier results, thus reducing the dc-link voltage ripple. However, as also
discussed in [15], a YY configuration is chosen for the secondary side of the
three-phase transformer in this work. This produces higher dc-link voltage
harmonics and thus allows us to verify the controller performance under
somewhat extreme test conditions.

7Note that the average cycle time required for the simulation of the VSD
system is 2.35 µs, while the maximum time is around 3.23 µs.
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Fig. 4: Flowchart of the GP3C algorithm as deployed on the HIL test bench.

Table I: FPGA resource utilization of lookup tables (LUTs), flip-flops (FFs),
block memory (BRAM), and digital signal processing (DSP) slices for the
Xilinx Kintex-7 FPGA of the dSPACE SCALEXIO system.

Resource Utilization Available % Utilization

LUTs 17,112 101,400 16.88

FFs 26,211 202,800 12.92

BRAM 34 975 3.49

DSP 1 600 0.17

The GP3C algorithm is implemented on the dSPACE

SCALEXIO system which consists of a 2.8GHz Intel i7-

6820EQ processor and a Xilinx Kintex-7 FPGA. The control

loop is implemented on the processor while the FPGA is

utilized for DAQ and the application of the switching signals.

As the optimization problem (8) is a convex QP, it can be

solved in a computationally efficient manner in real time with

the gradient projection-based solver described in [22]. The

Intel i7 processor solves the QP at every sampling interval

and supplies the calculated switching time instants t∗ and

corresponding switching pattern U within the first step of the

prediction horizon to the FPGA. Inside the FPGA, a counter-

based mechanism transmits the switch positions to the HIL

platform at the desired times. Table I shows the utilization of

the FPGA resources.
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B. VSD Model Suitable for Real-Time Simulation

The HIL system running on the RT-Box consists of two

main circuits, namely the grid-connected (passive) rectifier

and the IM drive, that are decoupled from each other via

the dc link. Most of the components required for design

of the HIL simulation circuit are available in the PLECS

library. The rectifier units are built by using three-phase full-

bridge rectifiers based on diodes. The dc link consists of two

capacitors Cdc with (inverse) impedance Xdc.

The NPC inverter consists of three single-phase legs, where

each leg comprises four pairs of (controllable) active semi-

conductor switches and freewheeling diodes as well as two

clamping diodes.

Finally, the squirrel-cage IM is modeled by employing

signal flow graphs [23]. Choosing the stator current is, rotor

flux ψr, and rotor angular speed ωr as state variables, the

differential equations that fully describe the dynamics of the

machine are

τs
dis

dt
+ is = −Jωsτsis +

kr
τrRσ

(Jωrτr − I2)ψr +
1

Rσ

vs

(9a)

τr
dψr

dt
+ψr = Xmis − J(ωs − ωr)τrψr (9b)

τm
dωr

dt
= Te − Tℓ , (9c)

where τs = σXs/Rσ is the transient stator time constant and

τr = Xr/Rr is the rotor time constant, with Xs (Xr) being the

stator (rotor) self-reactance. Moreover, σ = 1−X2
m/(XsXr)

is the total leakage factor and Rσ = Rs+k
2
rRr the equivalent

resistance, where kr = Xm/Xr stands for the rotor coupling

factor, Rs (Rr) for the stator (rotor) resistance, and Xm

is the mutual reactance. Furthermore, Te and Tℓ are the

electromagnetic and load torque, respectively, while τm = H
is the mechanical time constant of the machine, where H is

the moment of inertia. Finally, ωs denotes the stator angular

speed, I2 is a two-dimensional identity matrix, and J is the

rotation matrix

J =

[

0 −1

1 0

]

.

Fig. 5 depicts the signal flow graph of the IM model suitable

Table II: Rated values (left) and parameters (right) of the drive.

Induction Voltage 3300V Rs 0.0108 p.u.

motor Current 356A Rr 0.0091 p.u.

Real power 1.646MW Xls 0.1493 p.u.

Apparent power 2.034MVA Xlr 0.1104 p.u.

Stator frequency 2π50 rad/s Xm 2.3489 p.u.

Rotational speed 596 rpm

Torque 26.2 kNm

Inertia 50 kgm2

Inverter Dc-link voltage 5200V Vdc 1.9299 p.u.

Dc-link capacitance 2.24mF Xdc 3.7628 p.u.

for real-time simulation on the RT-Box.

IV. PERFORMANCE EVALUATION OF GP3C BASED ON A

HIL SYSTEM

In this section, the real-time assessment of the proposed

GP3C scheme based on the HIL system described in Sec-

tion III is presented. All results are shown in the per unit

(p.u.) system.8 The rated values of the MV drive system

along with its parameters are provided in Table II.9 For the

given parameters of the machine, a total leakage reactance

of Xσ = 0.255 p.u. results. Moreover, the dc-link voltage,

supplied by the diode rectifiers, has an average dc voltage of

Vdc = 5.2 kV with a (peak-to-peak) voltage ripple of 234V.

The OPP in use has the pulse number d = 5, implying a device

switching frequency of 250Hz for operation at nominal speed.

Moreover, the modulation index is m = 1.046.

Finally, regarding the controller parameters, the sampling

interval is Ts = 50 µs, and the prediction horizon has Np = 20
steps, i.e., the prediction time window is Tp = 1ms. The

weighting factor λt in (7) is chosen as λt = 106. The measure-

ments are recorded at a sampling frequency of 20 kHz using a

digital oscilloscope. Note that the system delay is compensated

for by implementing a standard delay compensation of one

sampling interval, see [15].

A. Steady-State Performance

Fig. 6 shows the steady-state performance of the proposed

GP3C algorithm for the MV drive simulated on the HIL plat-

form. For the presented results operation at nominal speed and

rated torque is considered. Fig. 6(a) shows the measured stator

current along with the optimal current reference trajectory.

The latter is not sinusoidal since it is a combination of the

fundamental and the optimal current ripple. Moreover, due

to the digital implementation of the controller, the reference

trajectory is sampled at the OPP switching instants. The

fundamental component is1,ref is generated by the outer torque

and flux control loops, designed in the FOC framework [1,

Section 3.6], while the harmonic component ish,ref is extracted

from LUTs that are created offline and, subsequently, stored

on the processor.

8The p.u. system is established using the base quantities VB =
√

2/3Vrat = 2694V, IB =
√
2Irat = 503.3A and ωB = ωrat =

2π50 rad/s.
9The prediction model of the GP3C algorithm uses the same parameters as

in Table II.
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Fig. 6: HIL results of the proposed GP3C algorithm at steady-state operation, nominal speed and rated torque. The modulation index is m = 1.046, the pulse
number d = 5, and the switching frequency is 250Hz.
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Fig. 7: HIL results of FOC with SVM at steady-state operation, nominal speed and rated torque. The switching frequency is 250Hz.

As can be seen in Fig. 6(a), the steady-state performance

of GP3C is excellent. Only minute deviations of the stator

current from its reference trajectory are observed, implying

that the produced current ripple is very close to its optimal

value. This is verified by the very low value of the current total

demand distortion (TDD) of 4.513%, as computed based on

the harmonic current spectrum shown in Fig. 6(b). This value

is very close to the corresponding theoretical current TDD

which is 4.242%. From this figure two interesting observations

can be made. First, the proposed algorithm can effectively

reject the low frequency (300Hz) dc-link voltage ripple, shown

in Fig. 6(f), indicating its high bandwidth. Second, only non-

triplen odd-order harmonics exist, as expected due to the

quarter- and half-wave symmetry of OPPs [16], [17]. The

latter is clearly shown in Fig. 6(c), which depicts the switching

pattern (solid line) as modified by the controller and compares

it with the nominal OPP (dash-dotted line). It is observed

that the nominal OPP undergoes only minor modifications,

mostly due to system non-idealities, such as the dc-link voltage

ripple, which, as mentioned, has a peak-to-peak value of
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Fig. 8: Trade-off between stator current TDD ITDD and switching frequency
fsw for the proposed GP3C (blue) and FOC (red). The individual HIL results
are shown as rhombi (GP3C) and squares (FOC).

0.101 p.u., see Fig. 6(f). This is thanks to the optimal control

principle of the controller that locally re-optimizes the OPP

by minimizing both the current error and the deviations from

the nominal OPP (see (8)). Furthermore, Figs. 6(d) and 6(e)

show the electromagnetic torque and the stator flux magnitude,

respectively, which are computed in the dSPACE processor

based on the measured current and estimated rotor flux.

For comparison purposes, FOC with three-level asymmetric

regularly sampled carrier-based pulse width modulation (CB-

PWM) with common-mode signal injection of the min/max

type is implemented. Note that this leads to equivalence

between three-level CB-PWM and SVM [24]. For a fair

comparison with GP3C, the carrier frequency is chosen such

that the same switching frequency is considered, i.e., 250Hz.
The proportional-integral (PI) controllers of FOC are tuned

based on the modulus optimum method. The results obtained

with FOC are shown in Fig. 7. As can be seen in Fig. 7(a), the

stator current waveform generated by FOC has a significantly

higher current ripple compared to GP3C. This is reflected

in the harmonic spectrum (see Fig. 7(b)), where the current

harmonic distortions are higher, especially at low frequencies.

This gives rise to a significantly higher current TDD of

8.172%. It is worth noting that the 5th and 7th harmonics are

particularly pronounced due to the dc-link voltage ripple at

300Hz.
To further elucidate the steady-state performance of GP3C,

Figs. 8 and 9 compare its performance with that of FOC with

SVM in terms of current and torque TDD, respectively. This is

done for the range of switching frequencies that are relevant

for MV drives, i.e, for fsw ∈ [100, 500] Hz. As previously,

operation at nominal speed and rated torque is considered.

As can be seen in both figures, the proposed control scheme

allows a significant reduction in both current and torque TDDs.

Such a reduction is more prominent as the switching frequency

decreases, where the harmonic current and torque distortions

of GP3C can be halved (or even more) compared to those of

FOC with SVM. Hence, these figures clearly demonstrate the

superior steady-state performance of GP3C.

B. Transient Performance

The transient performance of the proposed GP3C scheme

and FOC is investigated during torque reference steps. While

operating at nominal speed, the torque reference is stepped
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Fig. 9: Trade-off between torque TDD TTDD and switching frequency fsw

for the proposed GP3C (blue) and FOC (red). The individual HIL results are
shown as rhombi (GP3C) and squares (FOC).

from Te,ref = 1 to 0 p.u., and, following, stepped back up

to Te,ref = 1 p.u. The performance for the two examined

scenarios for GP3C is depicted in Figs. 10 and 11, respectively.

As can be seen in these figures, GP3C tries to reach the new

torque (and current) demanded values as quickly as possible—

and without any over/undershoots—by modifying the nominal

OPP (shown with dash-dotted lines) accordingly. For example,

in the reference torque step-up case, GP3C removes pulses

from the nominal OPP, see Fig. 11(b). In doing so, the

settling time is effectively limited only by the available voltage

margin, rather by the controller. Hence, this figure clearly

highlights the favorable dynamic behavior of the proposed

control concept.

The transient performance of FOC is shown in Figs. 12

and 13. From these figures, it can be clearly seen that FOC

with SVM does not exhibit as favorable a dynamic behavior

as GP3C. In spite of the fact that the PI controllers are tuned

according to the modulus optimum method to ensure high

bandwidth, the fact that control and modulation take place in

two separate computational stages, executed in a sequential

manner, worsens the transient performance of the scheme.

Therefore, it can be concluded that owing to the direct control

principle of GP3C shorter settling times can be achieved.

Lastly, it is important to point out that the dynamic perfor-

mance of GP3C can be affected—and further improved—by

adjusting the tuning parameters of the controller, such as the

prediction horizon length Np, and the weighting factor λt.
These points are discussed in more detail in Sections V-D

and V-E, respectively. Moreover, it is worth mentioning that

the settling times during the torque reference step-down

change can get shorter by enabling GP3C to reverse the

polarity of the pulse pattern. In doing so, the available voltage

margin can be fully utilized. To this aim, the concept of pulse

insertion can be adopted, as proposed in [25].

C. Computational Burden and Timing Analysis

For the real-time implementation of control methods that

seem to be computationally demanding, the analysis of the

time required to execute the complete control scheme is of

great importance. For this reason, Table III summarizes the

time required for the implementation of the GP3C algorithm
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Fig. 10: HIL results produced by the proposed GP3C algorithm during a torque reference step-down change.
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Fig. 11: HIL results produced by the proposed GP3C algorithm during a torque reference step-up change.
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Fig. 12: HIL results produced by FOC during a torque reference step-down change.
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Fig. 13: HIL results produced by FOC during a torque reference step-up change.

on the dSPACE system.10 To fully understand and appreciate

Table III, it is important to point out that the size of the

GP3C optimization problem shown in (8) is time-varying.

More specifically, the size of (8) depends on the number

10The computation time for the FOC scheme is constant and therefore not
included in this discussion. For the desired switching frequency of 250Hz,
the sampling interval of the controller is 1.11ms, and the turnaround time of
the processor is 13.97 µs.

of switching time instants of the OPP that fall within the

horizon Tp. This time-dependent change in the dimension of

the optimization problem is visualized in Fig. 14 over one-

sixth of the fundamental period. This is done by showing the

number of nominal OPP switching instants that fall within

Tp at consecutive controller iterations. It is clear that the

size of the QP (8) varies between one and four dimensions.

Consequently, the computational burden of the GP3C problem



Table III: Turnaround time in the dSPACE processing system in µs.

tinit tpr tQP ttot

Minimum 12.39 3.47 1.68 17.54

Average 12.65 4.60 9.05 26.30

Maximum 13.48 5.55 18.94 37.97
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Fig. 14: Number of nominal OPP switching time instants that fall within the
prediction horizon Tp. Only one-sixth of the fundamental period is shown
because the pattern repeats itself due to the quarter- and half-wave symmetry
properties of OPPs.
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Fig. 15: Probability distribution of the number of iteration steps required by
the QP solver to find a solution. The average number of iterations is indicated
by the solid vertical line. The 95, 98, and 99 percentiles are shown as dashed,
dashed-dotted, and dotted vertical lines, respectively.
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Fig. 16: Probability distribution of the total turnaround time ttot. The average
turnaround time is indicated by the solid vertical line. The 95, 98, and 99
percentiles are shown as dashed, dashed-dotted, and dotted vertical lines,
respectively.

varies as a function of the QP size.

With the above information, the dSPACE turnaround times

presented in Table III can be better understood. Specifically,

time tinit is the time required for initialization and data

acquisition by the dSPACE system. Hence, this time includes

measurement (analog-to-digital conversion—ADC) and com-

munication delays as well as the time required to read from

and construct the OPP based on the LUTs. As can be seen, the

low variance in tinit is due to the fact that the aforementioned

tasks do not depend on the size of the QP. In the next

column, tpr refers to the time required for the preprocessing

steps of the MPC problem formulation, i.e., for the delay

compensation, observer, reference trajectory generation, and

calculation of the current gradients based on the predicted

state. As some of these tasks depend on the QP size, there is

a noticeable difference between the minimum and maximum

required times. The time that is mostly affected by the time-

varying size of the GP3C problem is—as expected—the time

tQP required by the solver to solve the QP (8). However, owing

to the adopted computationally efficient solver [22], which

fully exploits the geometry of the underlying optimization

problem, the associated computation time remains relatively

modest, even when a four-dimensional QP needs to be solved.

This greatly facilitates the real-time implementation of the

proposed control algorithm. This is reflected in the total

maximum turnaround time which is ttot,max = 37.97 µs, i.e.,

much smaller than the available time of Ts = 50 µs.
Finally, the probability distribution of the number of itera-

tions niter required by the employed solver to find the solution

to the QP (8) as well as that of the total turnaround time ttot is

shown in Figs. 15 and 16, respectively. Considering that in the

worst-case scenario a four-dimensional QP needs to be solved

in real time, the average number of the required iterations,

i.e., 18, is modest, indicating the efficacy of the adopted

solver [22]. Moreover, as can be seen in Fig. 16, in more than

98% of the cases, the total turnaround time ttot is less than

35 µs for the chosen controller settings. This highlights the fact

that the complete GP3C algorithm can be solved well within

the chosen Ts, implying that QPs of higher dimensions could

be easily solved—if required—without sacrificing optimality.

V. DISCUSSION

In this section, to gain more insight into the performance

and characteristics of GP3C, the closed-loop behavior of the

MV drive system is examined under different scenarios and

varying operating conditions. All the results presented in this

section are based on simulations.

A. Robustness to Machine Parameter Variations

For a model predictive controller, such as the proposed

GP3C algorithm, the accuracy of the discrete-time model of

the system that serves as prediction model is of paramount

importance. This implies that any mismatches between the

actual (to-be-controlled) system and the prediction model can

lead to adverse behavior and performance degradation. There-

fore, in the sequel of this section, the impact of variations in

the motor parameters—namely the stator and rotor resistance

as well as the stator and rotor leakage reactance and the

mutual reactance—on the steady-state tracking accuracy of

GP3C is analyzed. To this aim, a ±50% parameter mismatch is

introduced into the prediction model and the harmonic current

reference, while the parameters of the simulated drive system

remain unchanged, i.e., equal to their nominal values.

As previously, operation at nominal speed and torque is

considered, while the OPP in use has a pulse number equal



Table IV: Robustness of GP3C to machine parameter variations under steady-state operating conditions.

Parameter Variation [%] ITDD [%] TTDD [%] ∆ITDD [%] ∆TTDD [%] ∆Îs1 [%] ∆Te [%] ∆Ψs [%] ∆Ψr [%]

Nominal case 4.26 5.19 0 0 0 0 0 0

Rs −50 4.28 5.23 0.35 0.67 −0.17 −0.42 −0.21 −0.23

Rs +50 4.25 5.16 −0.32 −0.67 0.17 0.43 0.22 0.23

Rr −50 4.27 5.21 0.23 0.44 −0.11 −0.30 −0.17 −0.17

Rr +50 4.25 5.17 −0.21 −0.43 0.12 0.30 0.16 0.17

Xls −50 4.42 5.45 3.80 5.00 −0.23 −2.16 −0.97 −1.18

Xls +50 4.29 5.19 0.74 −0.13 0.36 0.84 0.76 0.73

Xlr −50 4.30 5.20 0.94 0.24 0.84 0.31 −0.06 −0.09

Xlr +50 4.32 5.28 1.37 1.74 −0.27 −0.69 −0.10 −0.18

Xm −50 4.39 5.44 3.08 4.78 −1.05 −2.92 −1.49 −1.61

Xm +50 4.23 5.11 −0.75 −1.67 0.45 1.11 0.59 0.63

to d = 5. To quantify the deviation from the nominal steady-

state performance, the relative changes in quantities of interest,

such as the current and torque TDDs, the amplitude of the

fundamental component of the stator current Îs1, the torque

Te as well as stator Ψs and rotor Ψr flux magnitudes are

considered. To this end, the metric

∆ζ =
ζ − ζnom

ζnom

· 100% (10)

is adopted, where ζ represents any of the quantities of interest,

as described above, while ζnom stands for the corresponding

nominal values, i.e., those acquired during operation without

any model mismatches. For the following analysis the outer

loop (see [15, Fig. 6]) is disabled such that it will not compen-

sate for the performance degradation of the inner MPC-based

loop due to its integrating nature.

The IM resistances typically change during operation due

to variations in the operating temperature. For this reason,

the impact of variations in the stator and rotor resistances on

the performance of GP3C is examined, see the top rows in

Table IV. As can been deduced from the comparison with the

nominal case, shown in the first row of Table IV, all quantities

of interest are, essentially, not affected by changes in these

resistances. This is anticipated since the resistances of an MV

machine are very small, as also shown in Table II.

With regards to the IM reactances, these may vary with

changes in the operating point or due to nonlinearities, e.g.,

saturation of the magnetic material of the machine. As shown

in [26], the machine can be assumed as a load with a pre-

dominantly inductive behavior, where the motor reactances are

modeled using the total leakage reactance Xσ . As discussed

in [27], a ±50 % change in Xls causes a ±30 % variation

in Xσ from its nominal value, while a ±50 % change in Xlr

changes Xσ by ±20 %. On the other hand, a mismatch in

Xm results in a negligible change in Xσ , i.e., ±1 %. Hence,

it is expected that variations in the machine reactances can

considerably affect the system performance.

Table IV summarizes the performance of GP3C for different

scenarios of changes in the reactance values. It is observed

that, even though most changes do not affect the system

performance, an underestimation of Xls or Xm has the biggest

negative influence compared to other scenarios. The former

can be explained by the fact that Xσ changes considerably

when there is a mismatch in Xls. Since the harmonic current,

and thus optimal reference trajectory, are derived based on the

nominal value of Xσ, deviations from it will affect the tracking

performance of the controller. Nevertheless, there are simple

mechanisms that can easily provide the accurate value of Xσ,

and hence mitigate this problem [28]. As for the changes in

Xm, these affect the estimation of the rotor flux, since this is

merely estimated in a feedforward manner based on Xσ and

Xm, thus it lacks any integrating action, see [15, Section IV-

D]. Hence, the wrong estimation of ψr results in the partial

demagnetization of the machine, and, consequently, steady-

state tracking error of the torque. Such issues, however, can

be tackled by employing an observer of integrating nature,

e.g., a Kalman filter [22], or an optimal observer, such as a

moving horizon estimator [29]. Moreover, activating the outer

loop will remedy, to some extent, this issue. Therefore, the

presented analysis indicates the robustness of the proposed

GP3C scheme to variations in the machine parameters.

B. Trade-Off Between Current TDD and Prediction Horizon

As reported in [30] and [9], a long horizon can positively

affect the performance of MPC-based schemes since it allows

for more educated decisions. To examine the impact of the

horizon length on the behavior of GP3C, Fig. 17 shows how

the current TDD changes as the number of the prediction

steps Np increases. The presented investigation is done for

operation at nominal speed and rated torque and OPPs with

pulse numbers d = 4 to d = 7. As can be seen, as the

horizon length increases, the current TDD decreases. This

improvement is more evident at higher pulse numbers, where

the current TDD for horizon steps Np > 25 is almost equal

to that of the offline-computed, nominal OPPs, i.e., equal to

its theoretical minimum value. This is due to the fact that a

longer interval of the OPP switching pattern falls within the

prediction horizon, and thus more switching time instants. As

a result, the controller can distribute the required modifications

over several switching time instants—instead of a few—and

thus apply a switching pattern that is very close to the nominal

OPP.
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Fig. 17: Stator current TDD ITDD as a function of the prediction horizon Np

for OPPs with pulse numbers d = {4, 5, 6, 7}.
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(b) Torque and stator flux magnitude.

Fig. 18: Response of the system for a change in pulse number from d = 5
to d = 6 while the controller is inactive.

C. Change in Pulse Number

Typically, MV VSD systems need to operate below a

maximum switching frequency fsw,max. This implies that as

the fundamental frequency changes,11 the OPP in use should

change such that the switching frequency does not exceed its

upper limit, i.e., fsw ≤ fsw,max. When this transition occurs, it

should be as smooth as possible so that the drive performance

is not affected.

To investigate the performance of GP3C under such a

scenario, Figs. 18 and 19 show the behavior of the system

for a transition in the pulse number from d = 5 to d = 6.

Specifically, at t = 40ms, the OPP in use is changed and the

response of the system for the cases where the controller is

inactive and active, respectively, is recorded. In Fig. 18, the

controller is inactive, and hence a change in the pulse number

causes a low frequency oscillation in the torque and stator

flux magnitude. Fig. 18(a) shows the switching pattern before

11The fundamental frequency changes when ramping up or down the speed
of the machine.
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Fig. 19: Response of the system for a change in pulse number from d = 5
to d = 6 when GP3C is activated.
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Fig. 20: The torque step-down response when the prediction horizon is varied
from Np = 5 to Np = 30.

and after the pulse number change, where the (red) dotted line

highlights the time instant of the change in the OPP in use. On

the other hand, Fig. 19 depicts the performance of the system

when the GP3C scheme is active. As can be observed, the

controller achieves a seamless transition from one OPP to the

other without introducing any transient. To achieve this, the

nominal OPP in use is modified accordingly. However, these

modifications are minute and thus not visible, see Fig. 19(a).

D. Torque Response for Different Horizon Lengths

Longer horizons can improve not only the steady-state

performance of GP3C, but also its dynamic behavior. To

verify this, Fig. 20 shows the torque response during a step-

down change in its reference value for different prediction

horizon lengths. As can be observed, as the horizon increases,

e.g., from Np = 5 steps (Tp = 250 µs) to Np = 20 steps
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Fig. 21: Switch positions uabc, corresponding to the torque step responses in Fig. 20. The (black) dash-dotted lines indicate the nominal OPP, whereas the
solid lines correspond to the closed-loop pattern as modified by GP3C.
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Fig. 22: Torque step-down response when the weighting factor λt is varied.
The base value of the weighting factor is λ0 = 105.

(Tp = 1ms), the duration of the torque transient is reduced

by almost 2.5ms. This can be explained by the fact that

with a longer prediction horizon, more switching instants

are available to the controller for manipulation. As a result,

the controller can better distribute the required switching-

instant modifications (and thus volt-second changes), thereby

improving the transient response.

This point is further elucidated in Fig. 21. Considering that

a torque reference step-down change (from 1 to 0 p.u.) is

applied at t = 2ms (in line with Fig. 20), this figure illustrates

the nominal OPP and the modified pattern for three different

horizons (Np = 5, 10, 20). As can be seen, a longer horizon

equips the controller with the required degree of freedom

to apply the required modifications to the switching instants

immediately when the step-change has occurred, rather than

delaying them into the future. For example, for Np = 5, all

the switching instants on phase c are modified by a small

amount, see Fig. 21(a), due to the short prediction window

which allows for small changes in the pulse pattern. On the

other hand, when the horizon is as long as Np = 20 steps, the

switching instant on phase c that is closer to t = 2ms, i.e., the

time instant the step change occurs, is significantly modified

so that the torque can settle to its new value as quickly as

possible, see Fig. 21(c). As a result, the switching instants

further in the future are unaffected since the transient has been

completed.

Lastly, it is worth pointing out that even though the settling

times decrease significantly as the horizon length increases,

once the horizon is sufficiently long, this rate of improvement

diminishes. For example, given the problem settings of the

case examined in Fig. 20, i.e., d = 5 and Ts = 50 µs, it

is evident that there are insignificant benefits—in terms of

settling times—for horizons longer than Np ≥ 20. Therefore,

it can be concluded that a prediction horizon of Np = 20
steps, i.e., Tp = 1ms, allows GP3C to exhibit favorable

transient performance without unnecessarily increasing its

computational burden.

E. Torque Step Response for Varying λt

As mentioned in Section IV-A, the transient performance of

GP3C can be affected by the choice of the weighting factor

λt in (7). A smaller value of λt implies that the controller

prioritizes the current tracking by tolerating larger modifica-

tions in the switching time instants, defined as the difference

between the nominal OPP switching instants tref and the to-

be-computed switching time instants t, i.e., ∆t = tref − t.

Hence, such a tuning choice enables faster transients since

bigger modifications in the nominal OPP are allowed. On the

other hand, increasing λt slows down the transient response

of GP3C as smaller modifications are allowed.

To demonstrate the impact of λt on the dynamic perfor-

mance of GP3C, Fig. 22 shows the torque response to a

step-down change in its reference for different values of λt.
Therein, it is verified that smaller values of λt allow larger

modifications of the nominal OPP switching time instants, and

hence the controller is able to achieve a faster torque response.

This is clearly depicted in Fig. 23 where the corresponding

switch positions are shown. For instance, in Fig. 23(a) with

λt = 30λ0—where λ0 = 105 serves as a base value for

λt—the switching transition in phase c at 3.2ms is shifted

to 2.96ms, i.e., the pulse is shortened by ∆t = −0.24ms. On

the other hand, for λt = 2λ0 in Fig. 23(c), the same switching

instant is shifted to 2.4ms, i.e., ∆t = −0.8ms, which speeds

up the torque transient.

Based on the presented results, it can be concluded that a

small value of λt is to be preferred since it allows for favorable

transient performance. However, an overly small λt can ad-

versely affect the steady-state behavior of GP3C since in such

a case the controller would not consider the nominal OPP. This
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Fig. 23: Switch positions uabc, corresponding to the torque step responses in Fig. 22. The (black) dash-dotted lines indicate the nominal OPP, whereas the
solid lines correspond to the closed-loop pattern as modified by GP3C.

could tellingly spoil the symmetry properties of the applied

pulse pattern and, consequently, give rise to increased stator

current and torque harmonics. This means that a compromise

between the transient and steady-state performance needs to

be done. Notwithstanding the foregoing, it is clear from the

presented results that the proposed control method can achieve

a superior overall performance.

VI. CONCLUSIONS

This paper presented a performance analysis of the gradient-

based predictive pulse pattern control (GP3C) method pre-

sented and analysed in [15]. The discussed method was applied

to an MV drive system, and its performance was assessed in

the laboratory based on a HIL system, i.e., real-time simula-

tions. According to the proposed control principle, the offline-

computed OPPs are modified in real time by GP3C such

that the stator current accurately tracks its optimal reference

trajectory. The required modifications in the nominal OPP

are computed in an optimal manner by solving an optimiza-

tion problem. The latter is cast as a QP, thus enabling its

real-time solution by employing a computationally efficient

solver. Such an implementation-friendly problem formulation

is facilitated by the adoption of the gradient-based system

modeling approach. According to this method, the gradients of

the controlled variables, i.e., the stator currents, are utilized to

predict the VSD system evolution. This modeling approach,

the subsequent straightforward control problem formulation,

and its ease of real-time implementation, indicate another

important advantage of GP3C, namely its high design versa-

tility. This implies that the application of the proposed control

strategy to other types of machine drives is straightforward.

More importantly, its extension to higher-order systems and/or

grid-connected systems is possible and relatively simple [18].

As shown with the presented results, thanks to the combi-

nation of constrained optimal control (i.e., MPC) and optimal

modulation (i.e., OPPs), the drive system can exhibit supe-

rior steady-state and transient performance. With regards to

the former, very low current TDD (close to the theoretical

minimum) can be produced. As for the latter, thanks to the

optimal modifications of the nominal OPP switching time in-

stants, very fast transient responses are achieved. Furthermore,

owing to inherent attributes of the proposed control strategy,

such as the receding horizon policy, the GP3C scheme can

compensate for the nonidealities of the drive system, such as

the dc-link voltage ripple, that would otherwise deteriorate the

steady-state performance of OPPs in real-world applications.

Moreover, a high degree of robustness to parameter variations

is achieved. Hence, the presented results clearly demonstrated

the benefits of GP3C, and provided an insight into the potential

benefits of the method in question.
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