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ABSTRACT: Introduction: This work presents a novel predictive current control
methodology for Permanent Magnet Synchronous Motors (PMSM). The study
develops a dgq-model of the PMSM in the rotor reference frame and establishes
discretized motor models to facilitate the implementation of advanced control
algorithms. The primary focus was on designing and evaluating a Dead-Beat
Predictive Control (DBC) algorithm and comparing its performance with the
conventional Field-Oriented Control (FOC) algorithm, which was developed due
to its technological maturity and similarities with predictive methods. Methods.: A
complete closed-loop control system for PMSM was constructed using
MATLAB/Simulink, incorporating the DBC and FOC algorithms. The FOC relied
on PI controllers, whose tuning was optimized through a first-principles tuning
algorithm. Both control schemes aimed to ensure that the dq-currents accurately
tracked their references, thus controlling speed, torque, and rotor position
effectively. Additionally, Space Vector Pulse Width Modulation (SVPWM) was
implemented with an optimized switching sequence to minimize losses and harmonic
distortion. The inverter switching strategy involved dividing the switching period
into segments, applying zero and active vectors symmetrically, and analyzing the
rectifier operation across different angle regions. Results: Simulation results
demonstrated that both the DBC and FOC models effectively tracked current and
speed references with minimal transients. The DBC exhibited a faster response,
settling within approximately 0.12 seconds, 40% quicker than the FOC, which
settled in 0.2 seconds without overshoot. During speed reversals, the DBC
maintained sinusoidal phase currents with minor drops, and the d-axis current
remained effectively at zero with deviations near 10™(-17). The system achieved a
rapid speed response, reaching 500 RPM within 0.2 seconds, with the phase
currents remaining balanced and sinusoidal. The FOC showed about 16%
overshoot but still provided a very fast response, making it suitable for applications
where rapid response is critical. Conclusion: The developed DBC and FOC
algorithms successfully controlled PMSM, with the DBC demonstrating superior
speed response and quicker settling times. Both methods maintained stable,
sinusoidal phase currents and precise current tracking during transient conditions
such as speed reversals. The simulation results validate that the proposed predictive
control approach (DBC) offers improved performance over the conventional FOC,
making it a promising candidate for high-performance motor control applications
requiring fast dynamic response and minimal transient disturbance.

KEYWORDS: Algorithm, Predictive, Control, Current, Deadbeat, Magnet,
Permanent, etc.
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INTRODUCTION

The Permanent Magnet Synchronous Motor (PMSM) surpasses induction motors of
comparable size in several key aspects, including higher power density, improved efficiency,
and a superior torque-to-inertia ratio. These advantages have spurred extensive research into
its design, analysis, and control strategies. While fixed-speed operation may be adequate for
low-precision tasks, many industrial applications require precise control of speed and torque,
leading to the adoption of Adjustable Speed Drives (ASD) [3,5].

Various control techniques, such as Field-Oriented Control (FOC) and Dead-Beat Predictive
Control (DBC), facilitate PMSM speed regulation. Predictive control methods utilize system
models to forecast future behaviour, with DBC standing out as a notable example [2]. DBC
excels in managing complex systems with multiple inputs and outputs by predicting dq-axis
currents, thereby enhancing reference tracking, minimizing ripples, and eliminating steady-
state errors. Its primary focus was on rapidly aligning actual currents with their references,
ensuring swift dynamic response.

While FOC was a well-established and widely adopted control approach that employs PI
controllers within a dq reference frame, it can pose challenges related to the tuning process.
Improper tuning may lead to control inaccuracies. Conversely, DBC, which predicts system
states to determine control actions, offers notable advantages over traditional PI/PID-based
methods, particularly in systems with multiple inputs and outputs [16].

In PMSM drives, controlling the g-axis current linked to torque and speed was typically
achieved through a current control strategy that processes the speed error via a PI controller.
This study compares the performance of FOC and predictive algorithms like DBC for PMSM
control within MATLAB/Simulink environments [1].

Despite their benefits, all two methods, FOC and DBC, were susceptible to high current and
torque ripples, especially in predictive control schemes. Such ripples were detrimental in high-
precision applications, which motivates ongoing research into improving drive performance
and refining PI tuning techniques for FOC.

This research aims to evaluate and compare the effectiveness of FOC and DBC in PMSM
control, emphasizing the importance of advanced tuning methods and ripple reduction
strategies to meet industrial standards. The core objective was to develop a novel predictive
current control scheme for PMSMs. Specifically, the research objectives were:

1. To develop a dead-beat control (DBC) algorithm that ensures the reference current
matches the predicted next current for rapid and accurate current tracking.

2. To design a self-tuned FOC system and compare its performance with the proposed
DBC and other predictive control methods.
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LITERATURE REVIEW

Dead-Beat Control (DBC) originally emerged within the chemical processing industry,
characterized by complex, dynamic systems with numerous inputs and outputs. It functions by
solving nonlinear control equations at each sampling interval, utilizing the current state of the
plant to forecast and optimize future control actions while adhering to operational constraints.
Early implementations included Model Predictive Heuristic Control (MPHC) and Dynamic
Matrix Control (DMC), both of which relied on plant models to minimize control errors
through future predictions [6].

In recent years, DBC has broadened its application scope to fields such as manufacturing,
aerospace, energy, healthcare, and environmental management, demonstrating its
technological evolution beyond traditional industrial settings. Significant advancements
include the development of predictive control strategies for electric motors, particularly
Permanent Magnet Synchronous Motors (PMSMs), tackling issues like sampling delays,
parameter variations, current ripples, and torque optimization. Researchers have introduced
various robust, adaptive, and multi-vector control approaches to enhance accuracy, reduce
ripple effects, and improve transient response [7,8].

Major innovations encompass the integration of disturbance observers, the optimization of
voltage vectors, and the adoption of advanced techniques such as fuzzy logic, space vector
modulation, and sensorless control methods. Despite these progressions, several challenges
remain, including the need for methods that directly predict stator voltages without relying on
cost functions, simplifying control algorithms to lessen computational demands, and
establishing analytical tuning methods for PI controllers within Field-Oriented Control (FOC)
frameworks [10].

METHODOLOGY
dq-Modelling of the Permanent Magnet Synchronous Machine (PMSM)

The dg-model of the PMSM was derived from a simplified two-phase representation aligned
with the direct (d) and quadrature (q) axes, chosen for its simplicity. Since the rotor consists
solely of magnets with no windings, magnetic flux linkages are modelled as a flux source
concentrated along one axis [8].

The physical model of the machine was depicted in Figure I, and the corresponding circuit
model in the stator reference frame is derived accordingly. However, because inductances vary
with rotor position, this model isn’t ideal for analysis. To address this, a transformation to a
rotor-synchronous reference frame is performed, rendering the inductances constant. The
derivation relies on these assumptions: (1) Stator windings are balanced with sinusoidally
distributed magnetomotive force (mmf). (2) Inductance varies sinusoidally with rotor position.
(3) Effects of saturation and parameter variations are neglected, and (4) the machine does not
include damping circuits.

Figure 1 illustrates a two-phase, two-pole PMSM, with the g-axis displaced 90 electrical
degrees from the d-axis. The flux linkage was concentrated at an angle 8, from the d-axis, with
current directions and voltage polarities shown accordingly [9].
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Figure 1: Physical model of a two-phase, two-pole PMSM

HH'

The stator d-axis and g-axis voltages are the sum of the resistive drop derivative of their
respective flux linkages, as given in equations 1 and 2. Since the windings were balanced, the
resistances were equal, i.e. Rg= Ri= Rs.

\ d
Vqs - H.s'lqs + E’:r-q.s‘ 1
h d .

Vas = Rsigs + Eidx o)
The stator flux linkage is the sum of self-flux linkages and mutual flux linkages.
Aqs = quiqs + quids + ApmSl'Tler 3
Ads= Lddids+ Lqdigs + ApmcosOr 4
Substituting 3 and 4 into 1 and 2, respectively;

: . d d . d . . d d , .
Vgs = Rslgs + lqsanq + Lyq —lgs Lga —las + ldsand + Apma (sinb,.) 5

. . d d . d . . d d
Vas = Rsias + las - Laa + Laa o las + Laa 77 lqs + iqs 3 Laa + Apm (cos0,) 6

Where Lqq and Lada are respectively the self-inductances of the g-axis and d-axis windings, Lqd
was the mutual inductance between the q and d axes measured along the g-axis, and Ldq was
the mutual inductance between the d and q axes measured along the d-axis.

Inductances as Functions of Rotor Position

Looking at Figure 1 above and considering the inductance of d-axis when the rotor position 6
= 0, the magnetic axis was aligned with d-axis and d-axis flux was maximum, thus resulting in
maximum d-axis inductance Ld4. Also, when rotor position 8-=90°, the magnetic axis is aligned
with the g-axis, and the d-axis flux is minimum, thus resulting in minimum d-axis inductance
Lq. Since mmf was assumed to be sinusoidal, the self-inductances of both d and q axes can be
modelled as cosine functions of rotor position from the d-axis, as in 7 and 8
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Lgq = 51(Lg + La) + (Lg — Lg)cos(26,)] .
1

Laa = 3[(Lq + La) = (Lq — Lg)cos(26,)] g

It can be verified from 8 that at 6= 0°, Lad = Lq and at 8r= 90°, Lad = Lq.

We can simplify 7 and 8 by substituting 2 ( g tLla)=Lyand; {L —La) =L,

so that we obtain;
qu: L1+ L>cos (201‘) 9
Laa= L1— Lacos (26+) 10

In a surface-mounted or one with a cylindrical rotor, there was no saliency, and the mutual
inductance between the d and q axes was zero [11]. In an interior PMSM, there was saliency,
which causes uneven reluctance. The mutual inductance in this case was maximum when the
rotor position is 45° and zero when the rotor position is 0° or 90°. Assuming sinusoidal mmf,
the mutual inductance becomes;

d= %(Ld — Lg)sin(26,) = —L;sin(26;) 1

Substituting 9, 10 and 11 into 5 and 6 and noting that:

i , __ d(siné,) dby,
(smf} )= de dt

a d(cos6,) dé,
(casﬂr) = —Hr yr

E (Lgg) = E{Ll + L,c05(26,)) = —2w,L,sin(26,)

= w,cosf,

= —w,sinf,

d d
— (Laa) = 7 (L = Lyc05(26,)) = 20,L,sin(26))

d d
= (Lga) = 7= (= Lz5in(26,)) = —2w,L;c05(26;)
We obtain 12
[ ] R [ ] [L1 + L,cos(26,) —L-,sin(26,) ] [ ]
Vs lgs —L,sin(26,) Ly = Lycos(26,)] dr [

—sin28, —50528,,] [iqs cos0,

20rk, [—CE}SZHr sin26, ias]  Apm@r [—sinﬂr 12

In surface-mounted PMSM, Lq= L4 and L>= 0. Equation 12 reduces to
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v, i Ly, 0]aflt cosé,

qs

Do Rt O P R el

Vis lgs 0 Ly)atlige sin#, 13

In the stator reference frame, the inductances of a salient pole machine were dependent on rotor
position, making the voltage equation cumbersome. For steady state and dynamic studies, it
was more convenient that the inductances be independent of rotor position. This was the
essence of the transformation to the rotor reference frame.

Reference Frame Transformation

Let us assume that there exists a reference frame rotating at the same speed as the rotor and
that the q" and dr-axes windings on the fictitious stator associated with this reference frame
produce similar mmf as the actual stator on the q and d-axes. Let the q" and dr-axes of this
fictitious stator be displaced from the q and d axes of the actual stator, respectively, by 8r as
shown in Figure 2, and resolving the vectors and summing up gives 14 and 15 [18].

Figure 2: Stationery and Rotor Reference Frame

4q

q' — axis N
d’ —axis

2Q .

1U1 'rld".

AW
Nigs = Nigecos0, + Niggsiné, "
Nigs = —Nigssinb, + Nij cos6, s
In matrix form;
[iqs] _ [ cosB,  sin, [E’;S]
lge —sinf#, cosO.] il 6

cosf,.  sinf,

The matrix [_Hmf;r cOSB-| transforms the currents from the stator to the rotor reference
frame. The reverse transformation can also be performed using the inverse of the matrix, so
that
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igs] _ [ cosy  sinby] " [igs| _ [cosy —sinby] [igs

itl ~ |=sinB, cosé, igel  |sinB. cosO, ||i, 17
Similarly, the stator voltages can be transformed
[Vqs] _ [ cosB,  siné, ] [ ]

Vas —sin,. cos6,] |V}, 18
The inverse transformation becomes
] [cmﬁ' sing. ] [ ] [msﬂr —sind, ” ]
Vi sinf, cos@ Vs sinf,  cosB, ||V, 19

Substituting 16 and 18 into 12 and simplifying, we get the PMSM model in rotor reference
frame, which was equation 20 below

d
A A Y
lds

.
Vas —wrLg R +Ld— 20

We see from equation 20 that in the rotor reference frame, the inductances are independent of
rotor position.

Derivation of PMSM Power and Torque Equations
The total input power to the machine in the abc-reference frame is expressed as

Pt'n - Vafa + Vb’:b + l'::‘i{.‘ 21

A transformation from abc — qdo (rotor reference frame), known as Park’s transform, was
defined as follows

EEJD = [Tuhc] labe 22
. _ —1 .7
tave = [Tavel " igao 23
where
2 2z
cosf,. cos (9 — ?ﬁ) COS (9 + Tn)
2 2
Tabe = =|sinf,. sin (f—) — ?rr) sin (Hr + ?E)
1 1 1
2 2 2 24
Similarly
— -1
Vabc - [Tabc] I[*"-:;:::m 25
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Substituting 23 and 25 into 21 gives
Pin l(l”q?;lqs &FsiEs) - ZVniﬂl 26
If we assume that the system was balanced, then
i0= ia+ ib+ ic= 0
Equation 26 then reduces to
Pin = E(ti*f;s + VésiEs) 27
Substituting 26 into 27 and rearranging gives

~[(i52Rs + i2R) + (Lq e 172 + Lo i52 ) + (0 Laifsils + @y Apmits —
nJ,I,.LqiE,'S ()] 28

We see from equation 28 that the power has three components, viz. The first component
represents stator and rotor resistive losses. The second component represents the rate of change
of stored magnetic energy. This component is zero at the steady state. The third component
represents the mechanical power

So, the mechanical power Pm was given by
_ L b ks T
P = w,Lgigsiags + Wpdpmigs — wrLglgsigs 29

The air gap was associated with rotor speed. It was the product of the air gap electromagnetic
torque and the mechanical rotor speed that was

P
B, = w,T, where w, = 7 Wm 30

Substituting 30 into 29 gives

P ap PETINE
= 53 (ﬂpm gs t (Ld q)’f:;siﬁs

T. =
€ 31

(i

Permanent Magnet Synchronous Machine State Space Model

To further simplify the PMSM model, the superscript “r” for “rotor reference frame” and the
subscript “s” for stator parameters are dropped, bearing in mind that stator parameters in the
rotor reference frame are always implied. The simplified state space model of a PMSM in rotor
reference frame was given by 32 — 35.

dig 1 R q .
—=—Vg——igt+—w.l
dt Lg a Ly d g 4 32
di 1 R . L . Apmw
q _ V d pin ity
— ==, ——iy ——w. iz —
dt Lg T L T L Lq 33
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Te= lsp(l‘lpmlq + (Ld - Lq)idiq 34
day

1 a0,
el }(TL, — Bw, —T,) and — = W 1

Making V4 and V4 subjects of equations 32 and 33 gives equations 36 and 37, respectively.

. di .
Va = Rig + La—2 — wrLgiq

36
b dig .

Vg = Rig + Lg e wr(Lgig + Apm) 37
Rearranging equations 36 and 37, we obtain equations 38 and 39, respectively.
digt) 1 _ R Lq .
—a =1 VaO) — i) + w(6) 7 ig(0) 18
dtq[ﬂ 1 f‘-’{tj;{pm

20 = L1 — £ ig(®) — 0O (2 ia(6) - 2 N

Discretization of PMSM Model

We adopt Newton’s difference formula, which defines the derivative of a function f(t) with
respect to time as given in equation 40

dft) — lim flE+AL)—F (L)
dt At=0 At 40

If we substitute f(t) = ia(t)and iq(t) in turns, we obtain equations 41 and 42, respectively.

did([:] _ l]m fﬂ{f+ﬁ.[)—!—d{£}

dt AL—D At 41
dig(t) L dglt+AL) -, ()

T = |jm ——

dt At=0 At 42

Substituting equation 41 into equation 38 and 42 into 39, we obtain equations 43 and 44,
respectively;

.: ﬂl. —1
AP = LV (0) — Fia(O) + 0O 121 ()

AL 43
o (E+AL—i,(L) 1 w{t
LR = V() — g () — () ia(6) -
Lq 44

If we set At equal to a fixed sampling time, T's, then equations 43 and 44 become 45 and 46,
respectively

fg(t+Te)—iq(L)

T,

1 " L
=—V,(t)— —i;(t) + w(t)2i_ (t
Ly d() L d(} (jtct q() 45
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iq(t+Ts)—ig(t) _ 1 R . W (t)Apm
—— ==V, (t) ——1i,(t wilt J' t EEE—

2 EVa(0) = i (8) = 0(O) 2 1a() = 2 y

If we let k represent the first sampling time, then k+1 represents the next sampling time. So
that f(t) = f(k)and f(t + At)=f(t + Ts) = f(k + 1). Then equations 45 and 46 become 47 and
48, respectively

tg(k+1)—ia(k) _ Vd(k} - = Ld(k] + m(ff] lq(kJ

T 47
[ Ui'l'l_]_l' U’C]- 1 R}A m
———"—==—V, (k) ——u,(k) = m{tJ—m(k) — e

Ts Lq Lq 48

In order to isolate the variables for the next sample time, we multiply through equations 47 and
48 by T and collect terms. After collecting terms and simplifying, we obtain equations 49 and
50

: T RTs (K)LgTs
fale+ 1) = Va0 + (15 )an“ijqw) ©
! o 50
We can put equations 49 and 50 in matrix form as shown in 51
— mls “{k}Lqu Ts 0
[m[ﬁc + 1)] [J‘,d(k)] Ly [Va(ﬁi)
q(r{f + ]) m':_k}LdT; (k} U TS V (kj
Lq
_Ml
N 51

Field Orientation Control (FOC)

Field-Oriented Control was a well-established control algorithm for AC machines. It was
implemented in this thesis to provide a fair comparison for the proposed predictive control
algorithm [5]. Field-oriented control makes use of PI controllers to reduce the error in the
controlled variable. Tuning of PI controllers was very problematic and usually prone to error.
To mitigate this challenge, we have developed an analytical means of calculating the gains of
the PI controllers [3]. The analysis was also presented in this section. The voltage source
inverter (VSI) that was used in the rest of the work was controlled by space vector modulation;
hence, the principle of space vector modulation was also presented in this work. Figure 3 was
the block model of the Field Oriented Control (FOC) of PMSM using a voltage source inverter
with space vector modulation.
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it

Figure 3: Block Diagram of the proposed Field-Oriented Control

T

Calculate
M;T_.. kp arel J\'J

T,
i3 I o7

Va ) i Voltage
o .—4-!-_ '-n—-. ] =] dg Vi 5 I Source

al Invertar

‘:u' Y A
J':I F | v ig
Ll 2

= + Pl
- dg iy

abc

P ) ..
r_raf - - HE -

In FOC, the reference d-axis current was always maintained at zero in order to ensure the flux
remains constant. The reference g-axis current was generated by comparing the reference speed
with the actual motor speed and passing the speed error through a PI controller. The dg-axes
current errors pass through PI controllers to produce dg-axes voltages (V4, Vq), which, after dq-
apf (Clarke’s transform), becomethe reference voltage of the Space Vector Modulation block.

(€]

It was seen from the motor model equation 3 that when Lg = Lq (for a non-salient pole motor),
the electromagnetic torque varies directly with q-axis current. Since speed was also
proportional to torque, it then implies that current can control both speed and torque.

PI Controller Design

The expression for dg-axis voltages for a PMSM was given by 52 and 53

i

di )
= Riy + Li—+w(Lgig + A
\Z q Tat { dld pm

) 53
By transforming 52 and 53 to the frequency domain by the Laplace method, we get:

Vd(s) = (sLa + R)ia(s) —tilqig(s) 54
V(s) = (sLq + R)ig(s) + @ (Lalu(s) + Apm) 55

Since we were working with field-oriented current control (FOC) principle, we made the
variable begin controlled (i.e. i; subject of equation 55; i, current begin maintained at zero
to ensure the flux remains constant. So, from 55 we get;

iq(s) = [Vg(s) — w(Lgia(s) + Apm] <m)

In block model form, equation 56 can be represented in Figure 4 below.
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Figure 4: Block diagram of the open-loop current control model

V 1 lg

(Laia(s) + Apm)

Equations 54 and 55 show that the presence of the back-emf expressions in the two equations
makes the dq current control loops dependent. Thus, to achieve an independent current loop,
the back-emf decoupling term was introduced. This decoupling term was included after the PI
controller in the form of a disturbance with a similar value but opposite sign to the back-emf
term in the motor equation. The block model of the system then becomes:

Figure 5: Block diagram of the closed-loop decoupled current control model

K.s+ K 1 i
OO
o q

O Lats+ dom) W L, i,+2,,)

Since the effect of the back emf term was cancelled by the decoupling term, the system above
reduces to Figure 6;

Figure 6: Block diagram of the closed-loop current control model

i | Kos + K, 1 :
5 Lq.'i + R

There was a computation time delay as well as a sensor response time delay inherent in the
system; therefore, we introduce a first-order time delay as shown in Figure 7 below.
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Figure 7: Model for current control with time delay

i I
: Kys + K, 1 1 q
Tps+1 Ls+ 8

v

5

The transfer function of the open-loop system, Gor, was given by 57.
Kyps+K; 1 1
(5) =2~ —.
GoL 5 Ips+1 Ls+R 57

If the zero of the PI controllers ("X¥kp) was made to cancel out the pole ("®%La) of the PMSM by
a method known as pole-zero cancellation, then we set:

p L orKi =KpKip. 58a

It was seen from 58a that the PI controller gains depend on machine parameters (R and L).
During motor operation, the temperature was likely to increase due to losses occurring in the
motor. When the temperature increases, resistance increases as well. To take care of the
possible parameter variation due to temperature rise, we estimate the temperature of the
winding with a Luenberger-type temperature observer given by 58b. It was reported that the
difference between the reference flux and actual flux in the d-axis, Ad4, was proportional to the
temperature rise. With the value of temperature, T, we can evaluate the resistance at any point
in time, R(t), using equation 58c.

T=———7-— 58b
Apm,rekar

Where T was the temperature rise in °C, Apmref Was the permanent magnet flux measured at
the reference temperature, ksr was a constant whose value lies between — 0.0005°C and
—0.001°C. The d-axis reference and actual flux were obtained by substituting the reference and
actual d-axis current, respectively, in 2.

R(t) = Ro(1 + aT) 58¢

Where Ry is the room temperature resistance, T is the temperature rise, and « is the temperature
coefficient of resistance (a = 0.0040 /°C for copper). Substituting equation 58 into equation 57
gives equation 59.

(s) e —— .
GoL 3 Ips+1 LE+R 59
R
Substituting Kj, L into equation 59 and simplifying gives:

_ KpstKpKip 1 1
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K 1
(H} B ﬁ 5(s+ij
Got or Ty 60
Ko

If we assume K=Tnl | then 60 becomes:

K

()= T
GoL S5t 61
For the closed loop system, the transfer function, Gct, is given by:
GoL(s)
8=

GCL( ) 1+Cgo.(5) 62
After making the substitution and simplifying, 62 changes to 63:

K B K

fs1l  sZhos+K
GCL(S) _ 5(3+Tﬂ)+f{ 5 TDS 63
The general second-order system transfer function was represented as 64:
Wi
H(s) = s*+2§wys+w 64
By comparing equations 63 and 64, we obtain equation 65
; .

2 = m— =

Wr=+/K and 2 ™ O 6 2TpVK 65

Where represents the natural frequency and the damping ratio. The maximum percentage
overshoot for a second-order system is expressed as:

_ e TR
Mv_e "f.-'t.n' 5 66

So, by choosing the value of Tp as well as the maximum percentage overshoot allowed, K;, and
Ki can be computed using equations 65 and 66.

PI Controller Model

From equations 52 and 53, the time rate of change of dg-axes currents was given by equations
67 and 68, respectively.

diy 1 R \ L, . -
— =—lg——igtw—I

dt Lg% Lg% L1

di 1 R L wA

q . d . pm
—=—V——i;,—w—ig— 68
dt Ly T Lyt L ¢ L
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2

The error in ig current, eq, per sample time is the same as the time rate of

. . di
change of iacurrent (ie. a_:)'

dig s .
. STt le 69

Similarly, the error in igcurrent, eq, per sample time is the same as the time

_ _di
rate of change of iy current (ie. a_: :

ST lgtlg 70

Substituting eq and eq in equations 67 and 68, respectively, result to equation 71 and 72 ed.

L R s 71
= —V;——igtw—i
Ly & Lg% Ly
iy Ry ok @hm
e, —LqI/;I quq a)Lq g » 72
Making V4 and Vg subjects of equations 71 and 72 gives
Vd = ede + Rld - G)Lqiq 73
Vg =€4Ly + Rig + wlyiyg + wiyy, 74
Ky R
WerecallthatKjy=—=- =K, x
kp L Rand K, ot L
, = ’
Nowd = = 1= [ eay 75
Similarly, €, = =4 = i, = [ €,dt 76
Hence ede o8 erd and Rld o8 Ki f eddt 77
Also, €4Lq x K,€, and Rig x K; [ €4dt 78

By making appropriate substitutions of equations 75 to 78 into equations 73 and 74 above, we
obtain:

Vd = erd + Klf eddt - U)Lqiq 79

Vy = Kp€q + K; j €qdt + wLgig + 0Ayny 80

Equations 79 and 80 give the relation between the d,- voltages and current errors. Therefore,
79 and 80 represented the mathematical representation of the PI controller that can produce the
required d,- voltages from the current errors.
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Deadbeat Control

In deadbeat control, the two PI controllers in the FOC model were replaced by the deadbeat
controller [12,4]. The mathematical model of the deadbeat controller was obtained from
equations 49 and 50 by setting the reference currents to be the predictive value to be attained
in the next sample time, i.e., iy = ig(k + 1) and i; = i;(k + 1). This makes sense since we
wanted the controller to track the reference.

w[kquTS

) _ T RT
ik + 1) = 2V (k) + (1= T2) ta k) + =i (k) “
. Ty RT; w(k)LgTs i @ (k) ApmTs
iq(k + 1}=L—Vq(k]+( ) iq (k) — 29080 (k) — 2%
q Lq q 82
Making substitutions into equations 81 and 82, we obtain:
i = !s RT; w(!{]Lqu
=V (k) + (1= 72) ta () + =g (K) .

a ';1‘ mes
h} =£Vq(k] +( RTS) q(k) _ m{kudn iy (k) — W (k) Apm T

Lq Lq 84

¥,

Making Vit the subject of equation 83 and "7 the subject of equation 84, we arrive at equations

85 and 86, respectively

Va(k) = 32 (i (k) = ia(k)) + Rig(k) = @(k)Lqiq (k)

85
Vg (k) = 22 (ig (k) = ig () + Rig (k) = @ (k) [Laia(k) = Apm] .
The block diagram of the deadbeat controller is shown in Figure 8
Figure 8: Block diagram of the proposed deadbeat control model
Vo [
i Deadbeat Va N = Voltage
D —— > dg v SV Source
Controller Vg :
al . al > nverter
2 7 " '[."q F 3
ig ) i
ta
dg iy
P abc i L
1 PRSI
w i d &,
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Space Vector Modulation

Space Vector Pulse Width Modulation (SVPWM) technique has become very popular due to
its higher DC bus voltage utilization and its easy digital realization [13]. The idea of SVPWM
is based on the representation of the inverter output as space vectors or space phasors. The
space vector was defined as:

2

, 2 .. S N
fs=§(fa+fbﬁ 3 +fr_'f3 3] 89

Where fa, fb, fc are three-phase quantities that may represent voltage, current, or fluxes. In the
case of voltage source inverter modulation, voltage space vectors were considered. Since each
inverter switch has only two states (0 or 1) and three-phase inverters have three legs, the total
possible switching state combinations were 23 =8 (000 001 010 011 100 101 110 111). Where
“0” means the upper switch was OFF and “1” means the upper switch was ON. Out of the
above 8 voltage vectors, the vectors 000 and 111 produce an output voltage of zero in the
inverter and hence are known as zero vectors [8]. Thus, there were six non-zero or active
voltage vectors that were separated 60 degrees apart as shown in Figure 10. Implementation of
the SVPWM was done by first calculating the reference voltage and determining the sector in
which it lies.

Then the nearest two neighbouring active vectors and a zero vector were utilized to reproduce
the reference vector.

Figure 9: Voltage space vector representation
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The inverter phase voltage vector and the 8 states were summarized in Table 1below.

76 Article DOI: 10.52589/AJSTE-J8Z7SLJ8
DOI URL: https://doi.org/10.52589/AJSTE-J8Z7SLJ8



Advanced Journal of Science, Technology and Engineering

ISSN: 2997-5972

2

Volume 6, Issue 1, 2026 (pp. 60-87) www.abjournals.org

Table 1: Inverter phase voltage vectors

Switch states | Vector number | Phase voltage Voltage symbol
space vectors

000 7 0 V7

001 5 2 }-ﬂ Vs
§ che 3

010 3 2 v I-E_;T V3
o e
3 dc

011 4 2 Vo o V4
- e
3 dc

100 1 2 jo Vi
§ Vace

101 6 2 v I.!',Trr Ve
- e
3 dc

110 2 2 iz %4
§ I-"’d{-_-E 3

111 8 0 Vs

After identifying the sector in which the reference voltage falls, the next stage is to calculate
the duration of application of each of the active vectors, as well as the zero vector. This was
achieved using the equal volt-second principle. The principle of equal volt-second states that
the product of the voltage reference and switching is equal to the sum of products of the voltage
vectors applied and their period of application, provided the reference was maintained constant
in the interval of switching. Suppose the voltage reference was in sector 1, then it can be
obtained using Vi, V>, and V. Let the time for each vector be ta, th, and to, respectively.
According to the principle of equal volt-second for sector 1,

But Ts=ta+tpr+ to

The space vectors are given as:
b

i 2 i 2 =
¥ __ #| ., jo — = jo ) )
V. = |V |E V. ==V;.e Vo ==V, .e’s
s | "I > 71 3 @c » T2 g dc and Vo=0 91

Substituting equation 91 into 90a, we get

, 2 . 2 ]
i o — 0 J
lvs |€,r T‘I = Ewdr:e; ta + Evdr:f Eth 92

Resolving the vectors of equation 92, equating real components, and then imaginary
components gives equations 93 and 94.

& 2 2 T
|vg |cos(a)Ts = 3 Vacta + 3 Vac cos (5) ty 03
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|vg|sin(a)T, = -l—'dcsm( )tb 94
Solving for t» in 94 and then for ta in 93, we obtain:
RE (E _ )
tg = ;- sin{3—a T 0
3|v5

ty = —sin(a) T,

b (a) o6
to=Ts—ta—tp 97

The above equations can be generalized for the six sectors as in equations 98 to 100 for k =
1,2,6.

3
te =~ 12sl s (RE—H)T
Ve 3 98
v3|15| ( )
t;, = sinla—(k—1
b Ve ( ) 99
tOZTs_ta_tb 100

Having determined the dwell-time (time for which each vector was applied), the next step in
the implementation of SVPWM was to determine the switching sequence. In order to reduce
switching losses, obtain a fixed switching frequency that was fixed, and optimal harmonic
performance, each leg of the inverter should vary its state only once during each period of
switching [4,7]. To achieve this, the period of switching, Ts, was split into 8 parts. The vector
(000) was applied for a quarter of the total time of zero vector (t%), then the active vectors
follow and are applied for half of their individual time, after which the vector (111) was applied
for a quarter of the total time of zero vector (:%) in half the total period of switching. The
remaining half of the period of switching was a mirror image of the first one. The switching
sequence for sector 1 was illustrated in Figure 11 below.

Figure 10: Switching sequence for sector 1.

bl w | e | 2 [ & t .|
4 2 2 4 4 2 2 4
I I I i i I P
V; i v, i Ve 1 Ve i V2 i Vi | ¥
1 1 1 1 1 1 1
i I i i i i
< T - >

Switching sequences for other sectors are obtained similarly. This method of switching was
known as symmetrical SVPWM. Rectifier and Voltage Source Inverter

In industries where AC drives are usually applied, the power supply is in three-phase
alternating current (AC), while the input to the inverter section of the drive must be direct
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current (DC). For this reason, there was a three-phase uncontrolled rectifier feeding a three-
phase voltage source inverter. However, if power is available in single-phase, it can also be
rectified with a single-phase full-bridge uncontrolled rectifier to feed the inverter stage. We
considered a three-phase supply in this work. The circuit diagram of the three-phase
uncontrolled rectifier is shown in Figure 12.

Figure 11: Circuit three-phase uncontrolled rectifier

VA
D1 ZIS D3 5 D5K
Van
+
@ | I +
Vbn

@ | v ==
F =

The operation of the rectifier was explained as follows: when 8 < 60°, Van was higher than both
Vbn and Ven. Diodes D1 and D2 was forward biased (conducting) while D3, D4, D5, and D6
reverses biased (blocked). Current flows from Van— D1 — R — D2 — V¢n back to the source.
Similarly, when 60° < wt < 120°, Vin was higher than both Van and Ven. Diodes D2 and D3
were forward biased (conducting) while D1, D4, DS, and D6 were reverse biased (blocked).
Current flows from

Vbn — D3 — R — D2 — V¢n back to the source. The direction of current through the load
remains the same during each conduction interval. Table 2 summarizes the operation of the
three-phase uncontrolled rectifier circuit.

Table 2: Switching sequence of a three-phase uncontrolled rectifier

S/N Sector angle, 6 D1 D2 D3 D4 D5 D6

1 0° < wt < 60° 1 1 0 0 0 0

2 60° < wt < 120° 0 1 1 0 0 0

3 120°<wt <180° [0 0 1 1 0 0
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4 180° <wt <240° [0 0 0 1 1 0
5 240° <wt <300° |0 0 0 0 1 1
6 300° <wt <360° |1 0 0 0 0 1

The average output voltage was given by

wl

2

w
Vae = Vour = /3 Jlf' V3V, coswt d(wt) = .

T

I
m 101

Where Vi represents the peak of the source voltage. The circuit model of a 3-phase voltage
source inverter is shown in Figure 13.

Figure 12: Three-phase Voltage Source Inverters

N D1 S3
C1 Vsi2 s1

) [
Ca Vs/2 i
‘ sS4 S6

Switching signals generated by the SVPWM discussed in Section 9 were applied to the
switching devices in the inverter. For instance, when V (100) was applied, it means that
switches S1, S2, and S6 were ON for the time while S3, %4, and S5 were OFF during the same
b

time interval. Similarly, when V> (110) was applied for 2, S1, S3, S2 were conducting while
S4, S5, S6 was OFF. When the zero vector (000) was applied, all the upper switches (S1, S3,
S5) were OFF, while applying the zero vector (111) made all the upper switches ON.
Summarily, when an upper switch is ON, a lower switch in the same leg must be OFF.

SIMULATION AND RESULTS

The developed algorithms for FOC and DBC were modelled and simulated in
MATLAB/Simulink environment (version 2014a). The performance of the models was then
tested for step speed with speed reversal. The load torque was maintained at the rated value
(20Nm) during the simulations [5]. It was evident from the results obtained that the three
models have good performance in terms of speed, accuracy, reference tracking, and reduction
in ripples. However, a more careful look at the results shows that some of the algorithms
perform better than others in some aspects. This section presents the performance of DBC to
the standard FOC [16].
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Simulation Results for FOC

Figure 14 was the d-axis current of the FOC. The current reference was maintained at zero
always to ensure that the flux remains constant. The actual current tries to track the reference
at all times. The deviation was more magnified than it actually was; for example, the highest
deviation was about 5 x 10"'7A, which was almost zero [14].

For a PMSM without saliency in the rotor magnet, the inductance in the g-axis was equal to
the inductance in the d-axis, making torque directly proportional to g-axis current. This was
why the g-axis current always has the same shape as the torque, but with a lower magnitude.
Figure 15 shows that the actual g-axis current follows the reference effectively with little
transient during speed reversal.

Figure 13: d-axis current for FOC
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Figure 14: g-axis current for FOC
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Figure 15: Motor speed in RPM under FOC
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Figure 16 was the speed response of the FOC algorithm. The speed command of magnitude
500RPM was applied at t = 0 seconds and maintained until t = 0.35 seconds. At 0.35 seconds,
the command speed suddenly changes to -500RPM, causing speed reversal. The -500RPM
command was maintained until 0.65 seconds, when it suddenly went back to SOORPM. The
actual speed was able to track the command at t = 0.2 seconds with a very small overshoot at t
= 0. The settling time of 0.2 seconds shows that the system has a fast speed response [3,1].

The motor phase currents, as seen in Figure 17, were purely sinusoidal and are displaced from
each other by 120 degrees. A current spike was seen and the points of speed reversal, but dies
down almost instantly, thereby posing no much threat to the motor coils. During speed reversal,
the amplitude of the current remained the same (about 18A) while its direction changed, as can
be seen in Figure 17.

Figure 16: Phase currents of the motor under FOC
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Simulation Results for DBC
Figure 17: d-axis current for Deadbeat
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Figure 19 presents the d-axis current for the DBC algorithm. Just like in the FOC, the reference
was kept at zero to maintain constant flux. The deviation of the actual current from the
reference is very small (of the order 107!'7), although it looks more magnified. At the point of
speed reversal, the deviation reduced significantly. This reduction also reflects in the phase
currents because the phase currents are a combination of d-axis and g-axis currents.

Figure 18: g-axis current for Deadbeat
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Figure 19: Speed of the motor for Deadbeat
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Figure 20: Phase currents (A) for Deadbeat
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It was seen in Figure 20 that a better tracking of the reference current in the g-axis by the actual
current in the q-axis was achieved than that of FOC. Figure 21 was the speed response of the
DBC algorithm. The same speed command used in the FOC was also used in the DBC for ease
of comparison. The response of the system to the speed command was faster with a settling
time of 0.12 seconds. Compared with FOC, which settled at 0.2 seconds, there was 40%
increase in the speed of response. In other words, the DBC algorithm was 40% faster than the
FOC. The phase currents of Figure 22 were also purely sinusoidal and displaced 120 degrees
from one another. There was a drop in phase current magnitude during speed reversal, which
was due to the drop in current of the d-axis.
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DISCUSSIONS

The implementation of Space Vector Pulse Width Modulation (SVPWM) was vital for
optimizing inverter control in PMSMSs, enabling reduced switching losses, harmonic
suppression, and better dynamic performance. The inverter's switching period was divided into
eight (8) segments, applying zero and active vectors in a sequence that minimizes device stress
and electromagnetic interference. In rectifier operation, switching states depend on the rotor
angle, ensuring continuous current conduction and minimal torque ripple. SVPWM modulates
inverter switches to produce desired voltage vectors, with transitions adhering to an optimal
sequence for efficiency [15].

Within the Field-Oriented Control (FOC) framework, the d-axis current was maintained at zero
with high accuracy, and the torque, proportional to the g-axis current, remains stable during
speed reversals. The system demonstrates rapid speed response, reaching 500 RPM within 0.2
seconds, with sinusoidal phase currents and quick transient dissipation. Comparatively, the
Direct Back-EMF Control (DBC) algorithm exhibits a faster response, settling in
approximately 0.12 seconds, 40% quicker than FOC, and also maintains sinusoidal currents
with minor drops during reversals [17].

Recent advances enhance PMSM drive efficiency and responsiveness by proactively
optimizing switching actions based on system models. Integrating these techniques with
SVPWM can significantly improve performance in high-demand applications.

CONCLUSIONS

In this study, the dwell-time for each voltage vector was initially determined, enabling the next
step of implementing Space Vector Pulse Width Modulation (SVPWM) by establishing an
optimal switching sequence. To minimize switching losses, maintain a fixed switching
frequency, and enhance harmonic performance, each inverter leg was designed to change state
only once per switching period. This was achieved by dividing the switching period Tinto
eight segments, with the zero vector (000) applied for one-quarter of tythe switching period,
followed by active vectors occupying half of their respective durations, and then the zero vector
(111) applied for the remaining quarter in half the switching period. The second half of the
period mirrored the first, ensuring symmetrical operation.

The operation of the rectifier was analyzed across different angle regions: for 8 < 60°, V,,,was
higher than Vjy,and V,,, causing diodes D1 and D2 to conduct, with current flowing from
V,nthrough D1, the load resistor, D2, and back to V,,,. Similarly, for 60° < 8 < 120°, V;,,was
dominant, leading to conduction through D3 and D2, with current flow adjusted accordingly.
During each conduction interval, the current direction through the load remained consistent.
The switching signals generated by the SVPWM modulated the inverter switches such that
specific switch combinations applied the desired voltage vectors, for example, applying
V1(100)involved turning on switches S1, S2, and S6, while involving 2 switches S1, S2,
and S3. Zero vectors (000 and 111) corresponded to all upper switches off or on, respectively,
with the rule that when upper switches were on, the corresponding lower switches in the same
leg were off.
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The d-axis current within the Field-Oriented Control (FOC) was maintained at zero to stabilize
flux, with the actual current closely tracking the reference. Deviations were negligible, around
5 x 10717 A. For a non-salient rotor PMSM, the equality of inductances in the d- and g-axes
meant the torque was directly proportional to the g-axis current, which followed the reference
with minimal transient disturbance during speed reversals. The system's speed response
demonstrated rapid tracking: a 500 RPM command was achieved within 0.2 seconds, with the
actual speed accurately following the command even during reversals, exhibiting only minor
overshoot.

The phase currents remained sinusoidal, separated by 120°, with brief current spikes at speed
reversal points that rapidly subsided, posing no significant risk to the motor. During these
reversals, the current amplitude stayed approximately 18 A, with the current direction shifting
accordingly.

The D-axis Based Control (DBC) algorithm also maintained the d-axis current at zero with
deviations on the order of 10717, and showed a significant reduction in deviation during speed
reversal. Compared to FOC, the DBC achieved a faster system response, with a settling time
of approximately 0.12 seconds, about 40% quicker than the 0.2 seconds observed with FOC.
The phase currents under DBC remained sinusoidal and balanced, though a slight current drop
occurred during speed reversal, attributed to the decrease in d-axis current.

Overall, the proposed predictive current control strategies demonstrated superior dynamic
performance, rapid response, and effective current tracking, validating their potential for
advanced control of PMSMs in high-performance applications.

Further research could explore the implementation of a Model Predictive Current Control
(MPC) algorithm, which forecasts the upcoming dq-currents to directly determine the next
stator voltage reference for the machine. Additionally, a comparison among the three control
strategies, FOC, DBC, and MPC, can be conducted.
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