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Abstract—Modulated model predictive control (M2PC) has
recently emerged as a possible solution for control in starter
generator systems in the more electric aircraft (MEA), due to its
advantages of fixed switching frequency, fast response and good
performance. However, conventional M2PC requires the
prediction of each possible output voltage vector, which involves a
heavy computational burden for the processor, especially for
multilevel converters. This is an obstacle for practical industrial
applications. To solve this problem this paper introduces a new,
low-complexity modulated model predictive control (LC-M2PC)
for a starter generator control system with a neutral point clamped
(NPC) converter. The proposed LC-M2PC only needs prediction
action once in each control interval, which can reduce the
computational burden of processor. Fixed switching frequency is
maintained and it can achieve a lower total harmonic distortion
(THD) current than conventional M2PC, using space vector
modulation (SVM). This proposed LC-M2PC method is validated
on a prototype electrical starter generator (ESG) system test rig
with three-level NPC converter. Experimental results verify the
effectiveness of the proposed method.

Index Terms—Finite-control-set model predictive control
(FCS-MPC), Model predictive control (MPC), modulated MPC
(M2PC), permanent magnet machine (PMSM), more electric
aircraft (MEA), low-complexity modulated model predictive
control (LC-M2PC).

I. INTRODUCTION

he aerospace industry is putting emphasis on the use of
advanced technology to achieve more efficient and cleaner
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solutions. Due to the rapid development of power electronics,
more electric aircraft (MEA) technology is a reality today [1].
MEA technology integrates the electric power generation,
distribution and consumption of aircraft into a unified system
[2]. One key technology for the MEA is the electrical starter
generator (ESG) system [3]. Many machines can be considered
for the ESG system, such as the switched reluctance machine
(SRM), the induction machine (IM) and permanent magnet
synchronous machine (PMSM) [4]. The SRM is highly robust
and has a simple structure, but the output voltages are not
sinusoidal and it also has a high torque ripple, which will
influence the power quality and life time of the EGS system [5].
The IM has some mechanical constraints at high speed, such as
stator expansion [6]. Compared with SRM and IM, the PMSM
is more advantageous due to its high power density and light
weight [1]. Therefore, this paper considers a PMSM and
converter in an ESG control system. In a MEA, the complex
operating scenarios of engine system requires the generators to
have a wide speed range.
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Fig.1 The structure diagram of ESG control system with NPC converter.

In order to guarantee a desirable carrier to noise ratio
(CTNR), the high switching frequency is needed. However, for
conventional high-power, two-level converters, it is hard to
increase the switching frequency, due to thermal management.
Silicon carbide (SiC) based two-level voltage source converters
(VSC) have emerged in recent years [7]. SiC is a wide bandgap
material, which offers potential benefits including higher
efficiency, higher switching frequency, and higher temperature
operation. However, a SiC based VSC is more expensive which
limits its wide range of popularity and use [8]. To make sure that
satisfactory power quality at low switching frequencies is
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maintained as well as consideration of economic benefits, using
a conventional silicon (Si) based multilevel converter is a good
choice. This paper adopts a three-level neutral point clamped
(NPC) converter in an ESG system, due to its lower switching
losses and superior power quality compared to a two-level VSC
[9]. The structure diagram of ESG is shown in Fig.1. The
PMSM is connected to the aircraft engine by a mechanical shaft,
and the DC bus voltage of NPC converter is 270V.

However, under different operating conditions, fast and
stable control of the ESG is a challenging task. Proportional
Integral (Pl) based linear controllers for PMSMs are
well-established. They offer simplicity, satisfactory dynamic
and static performances with certain degree of tolerance of
parameter. However, the ESG control system is a complex
nonlinear system, and needs faster dynamic response,
conventional Pl control method is linear control method,
difficult to resolve the contradiction between rapidity and
stability [3]. The work points of Pl controller need to be
optimized in a real time. More and more nonlinear control
methods have been proposed [10]-[13]. Due to a rapid increase
in processor performance, the use of model predictive control
(MPC) is possible as it offers multi-objective control and a fast
dynamic response [14]. Finite-control-set model predictive
control (FCS-MPC) has been proposed as a promising nonlinear
control method for power electronic applications [14]-[16].
Due to its simple structure, easy implementation, and fast
dynamic response, it has become very popular for power
converters [17], [18] and motor drivers [19]-[21] in recent
years. Compared to conventional linear controller (PI),
FCS-MPC can include some constraints directly in cost function
and has an ability of decouple [15]. However, as only one basic
voltage vector is selected during one sample time in FSC-MPC,
it has a variable switching frequency, producing a relatively
large current ripple and total harmonic distortion (THD) of a
low sampling frequency [22].

In order to get better control performance, a high sampling
frequency is required in conventional FSC-MPC, which
increases the computational burden of processor and causes
increased switching losses. A high switching frequency is hard
to implement in multilevel converter applications using low cost
processors. A multi-level converter has a greater number of
basic vectors and so the computational burden of processor is
heavier. For example, a total of 27 basic voltage vectors
(including eight redundant voltage vectors and eighteen
non-redundant voltage vectors) are available in a three-level
NPC converter [23]. All basic voltage vectors need to be
predicted in each sampling period, a minimum time of 27
prediction is required, causing a heavy computational burden.

To solve the above problems, an improved FCS-MPC
method with a modulator, named modulated model predictive
(M2PC) was proposed by Tarisciotti et all [24]. M2PC has an
intrinsic modulation scheme, which can produce a fixed
switching frequency. M2PC has a higher switching frequency
than FCS-MPC in same sampling period. M2PC current
controller for a two-level voltage source inverter was introduced
in [25]. Compared with conventional FSC-MPC, the power
quality of the system has been improved. In [26], M2PC current
controller for a brushless doubly fed induction machines was

proposed, simulation and experimental results verifying the
dynamic performance of the proposed method. M2PC for an
active rectifier, a three-phase seven-level cascaded H-bridge
back to back converter, a matrix converter have been proposed
respectively in [24], [27], [28]. M2PC method for three-level
NPC converter is first proposed by Rivera et all [29].
Subsequently, experimental results of an improved method
using the redundant vectors to balance dc-link capacitor
voltages was proposed [30]. However, a total of 27 vectors are
available in the three-level NPC converter, which will also
cause a high computational burden for the processor. Dwell
times of synthesized vector are evaluated by a cost function in
[29], which undermines the accuracy of synthesized vector.

To avoid these drawbacks, this paper presents a new
low-complexity M2PC scheme with a three-level NPC
converter for PMSM control. The propose LC-M2PC has
advantages of predictive control method and also overcome
disadvantages of conventional M2PC. The contributions of this
paper are shown as follows:

1) The proposed LC-M2PC uses a predictive voltage vector
to select sector in the phase plane, and reduces the number of
prediction function calculations. The total calculation time is
therefore shorter.

2) The principle of vector selection is introduced, analyzing
the problem of the dwell times calculation method in
conventional M2PC. The sector selection of modulator is
decided by cost function and predictive voltages. Dwell times
for each synthesized voltage vector is calculated according
volt-second equilibrium equation, while the improvement of
current quality for conventional M2PC is verified.

3) For implementing proposed LC-M2PC effectively, the
execution times of FCS-MPC, M2PC, and proposed method are
calculated and compared.

The remainder of this paper will be structured as follows:
Section Il describes the conventional M2PC and its simplified
form with a three-level NPC converter. Section Il represents
the proposed LC-M2PC scheme. In Section IV and Section V,
simulation and experimental results are represented to verify the
effectiveness of the proposed method. Finally, conclusions are
drawn in Section VI.

1. CONVENTIONAL MODULATED MODEL PREDICATIVE
CURRENT CONTROL WITH NPC CONVERTER FOR MEA

A. Conventional M2PC with NPC for MEA

The continuous mathematical model of a PMSM can be
represented as:

. di .
Uy = Riy + L, %— L,@.l,
@)

di
o 4 .
u, = Rl + L E+ Lo, +v,o,

Where, u,, U, are the stator d-q coordinate axis voltages; R,
is resistance of the stator. L, L, are the inductances of the
stator in the stator d-g coordinate axis; @, is electrical rotor
speed and y, is the flux linkage of PMSM. From (1), a discrete
time model can be derived by Euler discretization method. The
sampling time is T, , the discrete time model of the PMSM is:
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u, (K) =R, (K)+ L, M_ Lo, (K)
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0, (K) = R, (K)+ L, (k)i () (K)+ v,
From (2), the next time prediction of the d-q axis currents can
be found:
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Where, if (k+1) and i?(k+1) are the d-q axis predictive

currents at k+1. In a conventional M2PC with an NPC

converter for a PMSM control, three vectors are calculated by

the cost function in each small sector. The cost function can be
written as:

g, =(i; —i2(k+D) +(i; -i2(k+D)" i=012. (4

From (4), the dwell time for each vector can be computed as
[29]:
do =T,0,9,/(9,9: + 9,9, + 909;)

d, =T,009,/(9,9; + 9,9, +9,9,)

(®)
d, =T.909,/(909: + 8,9, + 9,9, )
T, =d,+d, +d,
With (5), the total cost function can be defined as :
gk+1 = g1d1 + gzdz (6)
B
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Fig. 2 The division sector diagram of M2PC for three-level NPC converter.
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Fig.3 The control diagram of M2PC for ESG system of MEA with NPC
converter.

It can be seen from the vector diagram of conventional M2PC,
as shown in Fig.2, including six large triangular sectors. Each
large triangular area is divided into four small triangular sectors.
The optimal three vectors and dwell times, which minimize the

total cost function, are selected by considering 24 small sectors.
Further details of the M2PC method for a three-level NPC
converter can be found in [29], [30]. Fig.3 shows the control
structure of the M2PC.

B. Simplified form of M2PC for an NPC Converter

From Part A, for three-level NPC converter, it can be seen
that conventional M2PC needs to consider 24 small sectors in
each sample period. In each small sector, three voltage vectors
are taken in to equation (3) to obtain predictive currents.
Therefore, the total calculation of equation (3) is 72 (three
vectors in one small sector, not including redundant vectors).
The total calculation of cost function as shown in equation (4) is
still 72 in each sample period, causing a high computational
burden [29].

An effective method for FCS-MPC algorithm simplification
was proposed in [31], using predictive voltages instead of
predictive currents. The performance of this “single predictive”
method is same as that of the conventional FCS-MPC.
Therefore, this method of simplification also can be used to
improve conventional M2PC algorithm. Predicting the d-q axis
voltages:
iy (k+1)—iy, (k .

d( -25 d( )_an)e'q(k)
ic (k+1)—i, (k) ()
u? (k) =R, (k)+L, %+ Lyo,iy (k) +v,0,

aq

ug (k) =Rig (k)+Lg

S

Where, and are the d-q axis voltage predictions. As shown
in equation (7), the number of executions of (7) is only 1 in this
simplified M2PC in each sample period, which called “single
predictive”, reducing computational burden of processor
effectivly. Different from conventional M2PC, the cost function
of this simplified M2PC is a calculation of the distance between
predictive voltage and the voltage of the basic vector in each
small sector. The cost function can be written as:

g, = (U () -uy () +(uP k) -uy(0) i=012. (8
Where, and are d-q axis voltages, which are calculated by
basic vectors. Only three basic vectors in one sector, so
i=0,1,2. From (8), the dwell time for each vector can be
computed from equation (5) and equation (6) [29]. This

simplified form of the M2PC (S-M2PC) can save most of the
calculation time of the processor.

I1l. PRINCIPLE OF PROPOSED LC-M2PC METHOD

From above contents, it can be seen that the number of
executions of (7) is only 1 in S-M2PC in each sample period,
reducing computational burden of processor effectivly.
However, the total calculation of cost function as shown in
equation (8) is still 72. To further save execution time of
processor as well as improve the current quility, this part
propose a new low-complexity M2PC scheme with a three-level
NPC converter for PMSM control system.

A.Large Sector Selection

Different from conventional M2PC, sector division in the
proposed LC-M2PC adopts a hexagon division method,
conversing three-level to two-level in each small sector. The
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method of sector division refers to Fig.4, including six large
hexagons which includes seven mapped vectors and each
hexagon has six small triangular sectors.

Same as S-M2PC method, the predicted d-q axis voltages are
calculated using (7). The number of executions of (7) is still 1 in
each sample period. Then, the predicted stationary reference
voltages can be formed using an inverse Park transformation:

ug (k)| fcosg —sing]lug (k) ©)
uﬂp(k) sind  cosd u§(k)

According to predicted stationary reference voltages in
equation (9), the large hexagon sector is decided by (10) and
Table I.
u’>0 A =1, otherwise, A=0

a

N

?u;’ +u; >0 B=1otherwise,B=0

3

up —?ulf >0 C =1 otherwise,C =0

(10)

N =4A+2B+C

In selected large hexagon sector, it has six small triangular
sectors which is same as conventional diagram of two-level
voltage vector. The method of selecting small triangular sectors
is described in detail in Part B.

s
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Fig. 4 The division large sector diagram of proposed LC-M2PC for three-level
NPC converter.

TABLE |
SECTOR DIVISION OF PROPOSED METHOD
N 0 1 3 4 6 7
Sector number 5 4 3 6 1 2

B. Small Sector Vector Selection

After the selection of a large sector, the three-level can be
simplified to two level in the selected large hexagon sector.
Predictive stationary reference voltages in selected large
hexagon sector can be derived from (11).

ul, (k)=u’ (k)—%cos[(s‘l)*g
ug, (k)=up (k)-%sm ((5 _1)*%j

uy, (k) and uj,(k) are predicted stationary

(11)

Where,

reference voltages in the selected large hexagon sector, s is the
number of large hexagon sector, s=1,2...6. Therefore, the
predicted d-q axis voltages in the selected large hexagon sector
can be calculated using Park transforms:

{Uz"d (k)} { cos¢’  sing’ }{uz"a (k)] (12)
ug, (k) —sing" cosé’ || ug, (k)

Where, u}, (k) and uf, (k) are the d-q axis voltages in the
selected large hexagon sector. 6’ can be calculated as  uj, (k)

and u, (k). In Fig.5, using first large hexagon sector as an

example, the distance of two adjacent vectors and predictive
voltage vector is calculated using (13).

g, = (U2 ()~ Uy () + (U2 ()~ (K)) k =12, (13)

Uy (k) and ug,, (k) are d-q axis voltages of two adjacent
vectors. The total cost function can be defined as:

Giota =91+ 0 (14)
After considering six small sectors shown in Fig. 5, two
adjacent voltage vectors, minimizing the total cost function, are
selected. For example, in first small sector, predictive voltage
vector will be composed of PON, PNN and POO. If the
prediction voltage vector in center of hexagon sector, the dwell
times of these two adjacent voltage vectors are 0. Therefore,
there is a possibility that the prediction voltage vector in the
center of large hexagon sector. The dwell times for proposed
LC-M2C are calculated by these two adjacent voltage vectors,
which will be introduced in detail at next section.

OON PON
2 A
3 1
Predictive,
vector
000 PNN
4 6

5
ONO PNO
Fig. 5 The division small sector diagram in first large hexagon sector.
C.Calculation of the Dwell Times

For example, as shown in Fig.7, the predictive voltage vector
is u,, the end point of predictive voltage vector is right in the
center of equilateral triangle that consists of basic v,,v, and
d,_,, (difference betweenv,andv, ). The angle between u, and
the basic vector v, is 30°.

From equation (8), izt can be seen that tr21e cost function is
G = (g () =gz (K)) +(up (k) Uy, (K)), which is the
distance between basic vector and predictive voltage vector.
Where, k=0,1,2 corresponds to vo,vi, V2. Therefore, the
distances of predictive voltage vector u, to vy, vz, Vo are same as
g1, 02, Go. The end of predictive voltage vector u, is at the
center of an equilateral triangle, so g,=g,=g, . The dwell times
of this simplified M2PC are calculated according to (5), then
equation (15) is derived:

dy=d,=d, =T, (15)

The dwell times of v, v, Vo are same. This is because that the
calculation of dwell times is directly proportional in the cost
functions for a conventional M2PC as well as S-M2PC. The
calculation of dwell times directly by linear proportional
relation is not accurate, following is comparative explanations
with convention volt-second equilibrium method.
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The same assumption that the end point of predictive voltage
vector u,is right in the center of equilateral triangle. Dwell

times are calculated by volt-second equilibrium method, which
are same as conventional two-level space vector modulation

(SVM), calculated by (16) in every small sector.

d, = \/_l |T sm(;—ﬁ]

v

u
d, = \/_l |5|n() (16)
VDC
d,=T,—d,—d,
Where, Vo' =V, /2, V. is the DC bus voltage. u, is
predictive  voltage vector. For example, =30

lug| =3 Voc|/12 . [y =|V,| =|Voc|/3 @ shown in Fig.6. The
dwell times for proposed LC-M2PC are calculated:

dl—‘/_ N[ /12 Ssin(f—fj—ln
Voc 2 362
NERNEI VAN /12 7
dz_—IVDC/2| ,sin E ET a7

d,=T,-d,—d, =0

The dwell times of vi, v, Vo that are calculated by the
equations (17) are T,/2, T, /2, and O, respectively.

Therefore, the dwell times of a conventional M2PC are not
accurate, which will cause error between the resultant vector
and the predicted vector. In LC-M2PC, calculation of dwell
times adopts a conventional volt-second equilibrium method.

S ARA

a

Fig. 7 The dwell times of predictive voltage vector.

IV. SIMULATION RESULTS

In order to validate the effectiveness of the proposal
LC-M2PC method, four different methods are compared by
simulation results. Method 1 is conventional FCS-MPC,
Method 2 is the simplified form of M2PC (S-M2PC), and
Method 3 denotes the proposed LC-M2PC. The simulation
parameters of the PMSM are shown in Table Il. The sample
time of conventional FCS-MPC is 200 xs .The sample time of
other two methods are the same, set to 250 ws , and the interrupt
frequency for other two methods is 4kHz. The simulation results
are for both steady state and transient conditions.

Fig.8 shows the phase current responses of three methods at a
reference speed 1000rpm. The initial load is O N-m, a load
torque 2 N-m is applied at 0.15s. It is obvious that the phase
current ripple for the conventional FCS-MPC scheme is higher

than for the S-M2PC,and LC-M2PC schemes. The LC-M2PC

has a lower phase current ripple than S-M2PC.
TABLE Il
PARAMETER SETTING OF SIMULATION

Parameter Symbol Value
Rated Voltage \ 220V
Stator Phase Resistance R 2.03 Ohm
Motor Inertia J 0.00034 kg -m?
Pole Pairs P, 4 Pair
Rated Torque T, 35 N-m
g-axis Inductance L, 4.85 mH
d-axis Inductance Ly 4.85 mH
Machine Mutual Flux 7 0.13065 Vs
Simulation time T, le-6s
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Fig. 8 Simulation results of phase currents. (a) FCS-MPC (b) S-M2PC (c)
LC-M2PC.
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Fig. 9 Simulation results of d-q axis currents. (a) FCS-MPC (b) S-M2PC (c)
LC-M2PC.
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Fig. 10 Simulation results of speed. (a) FCS-MPC (b) S-M2PC (c) LC-M2PC.
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Fig. 11 The THD of A phase current at 1000rpm. (a) FCS-MPC (b) S-M2PC (c)
LC-M2PC.

Figs.9 and 10 show the simulation results of the d-q axis
currents and speed. It can be seen that the speed is increasing at
the beginning, and the g-axis current traces the reference g-axis
current very well. Fig.11 shows the total harmonic distortion
(THD) for these four different methods at 1000rpm. The THD
for A phase current is analyzed over five cycles. The
fundamental frequency is 67Hz, the maximum frequency is 50

times of the fundamental frequency. The THD for FCS-MPC,
S-M2PC, LC-M2PC are 37.88%, 13.62%, and 2.26% at
1000rpm, respectively. It can be seen that the classic FCS-MPC
has a higher THD than S-M2PC and LC-M2PC, because it has
variable switching frequency. The classic FCS-MPC has lower
average switching frequency than S-M2PC and LC-M2PC. The
proposed LC-M2PC adopts conventional volt-second
equilibrium method to calculate dwell times. Therefore,
LC-M2PC has a better power quality than S-M2PC with the
same fixed switching frequency. The simulation results are
found to be mostly in agreement with the theories.

V. EXPERIMENTAL RESULTS

To verify the performance of the proposed LC-MPC, a
prototype is implemented using a three-level NPC converter.
The driver motor is a PMSM, and another PMSM is applied as
load. The three-level NPC converter was built using IGBTs
(Infineon, FF35R12RT4). The main control processor was a
TMS320F28335 with a 150Mhz clock frequency. The
maximum current limit was 5A. The control loop interrupt
frequency of main program was 4kHz, classic FCS-MPC,
S-M2PC and LC-M2PC were programmed in C language.

To make S-M2PC available in 4kHz control frequency,
redundant voltage vectors as well as neutral point balancing are
not considered. The main purpose of this paper is to compare
the control performance of these different methods. The
execution time for each MPC method is shown in Table III. The
cycle interrupt time of the control loop is 250 us , which is the

same as sampling time. It can be seen from Table III that only
the execution time of conventional M2PC is 384 us, adding

some other executable program, the total execution time is
greater than 250 s, which cannot complete the calculation in

control cycle period. The S-M2PC needs less than half the
execution time of conventional M2PC by “single prediction”.
The proposed LC-M2PC only needs 32 us , which therefore has

ability to run at a higher control loop interrupt frequency. The
parameters of PMSM are same as simulation, as shown in Table
Il.

TABLE III
EXECUTION TIME IN TMS320F28335
Method FCS-MPC  M2PC S-M2PC LC-M2PC
Execution time 218 us 384 us 182 us 32 us

A high sampling frequency is required for the FCS-MPC to
maintain a good control [22]. However, due to the limits of the
processor, conventional FCS-MPC cannot run at a high
sampling frequency, especially for a multilevel converter. It can
be clearly seen that the proposed LC-M2PC method has a much
lower execution time and can run at a 15kHz sampling
frequency. For comparison with other methods, the sampling
frequency is uniformly set to 4kHz.

Experiments have been completed to verify the dynamic
performance and steady state response of the proposed
LC-M2PC method. In order to verify the dynamic performance
of the proposed LC-M2PC method, comparison experimental
results of conventional S-M2PC, and LC-M2PC methods are
also presented in Figs. 12-13.

The system runs at a stable speed, the target speed is changed
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suddenly. From Fig. 12, it is seen that the speed of PMSM
decreases quickly to target speed. All methods have good
dynamic performance, the system can get target speed quickly.
However, S-M2PC has larger current and speed ripples than
LC-M2PC. The reference speed is changing between 1600rpm
and 400rpm, the actual speed of PMSM has ability to trace the
reference speed W|th|n 100ms
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Fig. 12 Experimental responses in the case of speed decreasing. (a) S-M2PC (b)
LC-M2PC.
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Fig. 13 Experimental responses for the case of a speed increasing. (a) S-M2PC
(b) LC-M2PC.
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Fig. 14 Steady-state response and Harmonic spectrum at 600rpm. (a) S-M2PC

(b) LC-M2PC (c) Harmonic spectrum of S-M2PC (d) Harmonic spectrum of
LC-M2PC.

From Fig. 13, it is seen that the PMSM increases speed
quickly to target speed. All methods have a good speed tracking
performance. Fig.14 shows the steady-state response of both
methods at 600rpm. The total harmonic distortion (THD) of A
phase current of each method is calculated. The THD for
S-M2PC, and LC-M2PC are 28.22% and 8.54%, respectively. It
can be seen that the proposed LC-M2PC and S-M2PC has same
switching frequency. The proposed LC-M2PC method has a
lower current ripple than S-M2PC method, because of the
improving calculation of dwell times.

o

VI. CONCLUSIONS

This paper presents a new LC-M2PC for a starter generator
system with a three-level NPC converter for use in a MEA. The
conventional M2PC method for three-level NPC converter is
reviewed and the computation complexity and dwell times of
M2PC analyzed. Then, a new LC-M2PC method with a fixed
switching frequency was proposed. The proposed LC-M2PC
method is implemented in an ESG test rig. The proposed
method uses a predicted voltage vector to select the large
hexagon sector directly, and only requires a single prediction
action in each small sector. The execution time of proposed
method is 32 us in a TMS320F28335, which has the ability to

run within a 20kHz control loop interrupt frequency. The dwell
time calculation procedure of the proposed method adopts
conventional SVM, which significantly improves the quality of
the phase current. Finally, simulation and experimental results
verify that the proposed method has satisfactory control
performance and greatly reduces the computation burden of
processor.

Compared to conventional M2PC, the proposed LC-M2PC
method can obtain much better steady state ability while
keeping similar dynamic performence. The structure of the
proposed LC-M2PC is simple and easy to be implemented on
low cost processors, which has a certain industrial application
prospect.
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