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Abstract—This paper presents a nonlinear optimal direct
torque control (DTC) scheme of interior permanent magnet
synchronous motors (IPMSMs) based on an offline
approximation approach for electric vehicle (EV) applications.
First, the DTC problem is reformulated in the stationary
reference frame in order to avoid estimating the stator flux
angle, which the previous DTC schemes in the rotating stator
reference frame require. Thus, the proposed DTC method
eliminates the Park’s transformation and consequently it
reduces the computational efforts. Particularly, since the
estimated stator flux angle is not accurate in low speed range,
the proposed method that does not need this information can
significantly improve the control performance. Moreover, a
nonlinear optimal DTC algorithm is proposed to deal with the
nonlinearity of the IPMSM drive system. In this paper, a simple
offline #-D approximation technique is utilized to appropriately
determine the controller gains. Via an IPMSM test-bed with a
TI1 TMS320F28335 DSP, the experimental results demonstrate
the feasibility of the proposed DTC method by accomplishing
better control performances (e.g., more stable in low speed
region, much smaller speed and torque ripples, and faster
dynamic responses) compared to the conventional proportional-
integral (P1) DTC scheme under various scenarios with the
existence of parameter uncertainties.

Index Terms—Direct torque control (DTC), electric vehicle
(EV), interior permanent magnet synchronous motor (IPMSM),
nonlinear optimal control.

. INTRODUCTION

Electric vehicles (EVs) were invented about two centuries
ago. However, the utilization of EVs was stopped in the
following century because of both economic and technical
aspects such as high cost, capacity shortage of battery, and
speed limitation. Recently, the study on the EVs has warmed
up as the environmental problems associated with internal
combustion engine (ICE) based vehicles become more and
more serious. Nowadays, with a fast evolution of battery
technology, the eco-friendly EVs become a promising
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alternative to replace the ICE based vehicles [1]- [4].

In EVs, the propulsion system uses an electric motor
instead of an ICE in conventional vehicles. There are two
main types of electric motors widely utilized in the EVs:
induction motor (IM) [5]-[7] and interior permanent magnet
synchronous motor (IPMSM) [8]-[10]. In traction
applications, the IPMSM is preferable to the IM [11], [12]
due to its high efficiency and reliability, high power factor
and power density, and high torque to inertia ratio. In
addition to these advantages, the invention of high-
performance magnets makes the IPMSM a better choice for
adjustable-speed motor drives (ASMDs). In general, the
control systems for the ASMDs can be categorized into two
methods: indirect torque control (ITC) and direct torque
control (DTC) [13]. In the ITC, the electromagnetic torque is
indirectly regulated through controlling the g-axis current;
meanwhile, in the DTC, the electromagnetic torque is
directly controlled [14]. Therefore, the DTC can achieve a
simpler structure and faster dynamic response than the ITC.
Consequently, the DTC seems to be more appropriate than
the ITC for EV applications.

The DTC concept was introduced about three decades ago
by Takahashi and Noguchi for IMs [15]. However, the first
DTC papers for IPMSMs were only published until the late
1990’s [14], [16]. Although this DTC method possesses some
advantages as mentioned above, it still has some
disadvantages such as large torque and flux ripples, high
acoustic noise, and poor control performance at low speed
[17]. To solve these problems, many researches have been
conducted and recent publications can be classified into three
categories as follows:

1) Schemes that use the hardware [18]-[20] and switching
table [21], [22]. The papers in [18], [19] use the matrix
converter to reduce the torque and flux ripples. Although
the schemes seem to be quite effective, the switching
algorithms are complicated. In [20], an analytical
approach is proposed to select the hysteresis bands of the
DTC to achieve constant switching frequency and low
total harmonic distortion (THD) in stator current.
However, a field-programmable-gate-array-based control
platform is required to avoid the computation delay and
then it increases the complexity and cost of the system.



In [21], [22], novel duty-cycle strategies are presented to
reduce both the torque and flux ripples, but the results
under parameter uncertainties are not shown.

2) Schemes that use the predictive control algorithms [23],
[24]. In [23], although the method is robust to parameter
variations, the steady-state speed error is relatively large.
The scheme in [24] can reduce the ripple and steady-
state error of torque and achieve an acceptable
performance at low speed. However, it is not verified that
the drive system is insensitive to parameter uncertainties.

3) Schemes that use the space-vector modulation (SVM) to
improve the DTC [25]-[28] By incorporating a SVM
technique, these DTC schemes can effectively reduce the
torque ripple. In addition, the sampling frequency of
these SVM-based DTC schemes does not need to be as
high as that of the conventional DTC schemes. However,
the SVM-based DTC schemes require the coordinate
transformation from the stationary reference frame to the
rotating reference frame. Meanwhile, the control
performance at low speed region may be seriously
degraded under parameter variations.

This paper proposes a nonlinear optimal SVM-based DTC
scheme of interior permanent magnet synchronous motors
(IPMSMs) based on an offline approximation approach for
EV applications. By avoiding the flux angle information, the
proposed DTC algorithm can not only reduce the
computational efforts but also considerably improve the
control performance compared with the conventional SVM-
based PI DTC scheme. Moreover, the proposed DTC system
is designed to effectively deal with the nonlinearity of the
IPMSM drive system based on a nonlinear optimal control
theory. In this paper, a simple offline 6-D approximation
technique is applied to properly choose the controller gains.
Via an IPMSM test-bed with a TI TMS320F28335 DSP, the
experimental evidence under a full set of scenarios proves
that the proposed DTC scheme is more stable in low speed
region, smaller speed and torque ripples, and faster dynamic
responses than the conventional SVM-based PI DTC scheme
in the presence of parameter uncertainties.

Il. MATHEMATICAL MODEL OF IPMSMs

The mathematical equations of a three-phase IPMSM in
the stationary reference frame can be expressed as follows:

& = ko — ko (T, - T,)
i-a = _ksia - k4a)iﬂ - k5€a + k5Va
e, = —[(Lg - Ly N@ig —ig )+ ohy sin @

e = [(Ld - L Xa)id —|q)+ coim]cos ©)

where
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 is the electrical rotor speed, © is the electrical rotor
position, i, and iz are the a-axis and g-axis stator currents in
the stationary reference frame, V,and V; are the a-axis and -
axis stator voltages, e, and e, are a-axis and f-axis extended
EMFs, igand iq are the d-axis and g-axis stator currents in the
synchronously rotating reference frame, T, is the
electromagnetic torque, T is the load torque, p is the number
of poles, Rs is the stator resistance, Lq and L, are the d-axis
and g-axis inductances, J is the rotor inertia, B is the viscous
friction coefficient, and A, is the magnet flux linkage.

From [11], [25]-[27], the electromagnetic torque and flux
are calculated below:

Ay =V, =R,

Ag =V —Rgi,

To =Ko (Rais — 451,

A=25 =20+ 2%
where kg = 3p/4, /,and /g are the a-axis and g-axis stator flux
linkages, 4 is the stator flux linkage, and 1 is the square of
the stator flux linkage.

Based on (1) and (2), in the next section, the system model

will be transformed to an appropriate form for designing a
nonlinear optimal DTC scheme.

()

I1l. NONLINEAR OPTIMAL DTC SCHEME DESIGN AND
STABILITY ANALYSIS

A. Nonlinear Optimal Controller for Direct Torque Control

From (2), the first derivatives of T, and 1 are obtained as
follows:

T, = Lo(A,i, + 4i,)- kT, -1 (L8, - 2.8, )

(ke — o2, W, = (ke =162, W, )
A==2R (A, + A0, )+ 2(2V, + 4,V,)
where I; = kgxk; (i = 4, 5).
Next, let’s define new control inputs as
{Ulfb U g = (kGiﬂ —1s4, )‘/a _(kGia —l54 )/ﬂ

4

where uip and uyg, are the feedback control terms, and ug
and uy are the compensating control terms.

Then the following error dynamic equations can be
achieved

x=f(x)+Bu (5)
where x=[5 T, 2] u=[uep el ) =A(@)X
Kk, 0 00
A@)=| 0 —ky+l,@ 0| B=[1 0]
0 -2R, O 01
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I4(0[Teref + j'oz (ia - iﬂ)+ j‘/3 (ia + iﬂ )]
o T ~l5(Aue, — A525) ,

Uy = ZRS[Teref +Aa(ia - iﬂ)+iﬂ(ia + iﬂ)]

and s is the speed reference, Terer = TL + @rer -Ki/ky IS the

Uy g = kSTeref -

torque reference, @ = w-wre is the speed error, T, = Te—Teres

is the torque error, and A= A=Aret 1S the flux error. Note that
Aret 1S the flux reference calculated from the torque reference
Teres through the maximum torque per ampere (MTPA)
algorithm.

According to nonlinear control theories [29], [30], we
need to find the stabilizing control term u that minimizes the
following cost function for the system (5):

J :%Jow (XTQx+uT Ru)jt. (6)

Then, the nonlinear optimal controller can be obtained by
solving the following Hamilton-Jacobi-Bellman (HJB) partial
differential equation:

avT 1 av
f(x) x X Qx=0. (7)

Assummg that V(x) is positive and continuously
differentiable with V(0) = 0, then the control law is given by
T OV

v (8)

However, the well-known HJB equation (7) is extremely
difficult to solve. In [29], [30], an approximation technique
called the 6-D method is proposed to efficiently achieve the
solution of the HIB equation (7) for a specified class of
nonlinear systems.

First, the weighting matrix Q and dV/ox are rewritten as

Q=Q+Y D0 Z-=Y To'x ©
i=1 i=0

where QoeR¥® and D;eR*? are a symmetric constant and
symmetric state-dependent matrix, respectively, 6 is a scalar,
T; are symmetric matrices, and i is an integer. Note that ¢
and D; are chosen such that Q is symmetric semi-positive
definite.

Substituting (9) into (7) then equating the coefficients of
the powers of 4 to zero, the following equations are achieved

ToAy + A Ty —T,BR'B' Ty +Q, =0 (10)
ToAA AATT,

RleTa_V 1 T

u=-RB

TA+AT+

+Dy =0 (11)

n-1
-> T,BR'B'T,;+D, =0
i=1

TiadA  AATT,,
0 0

TA+AT, +

(12)
where A =A,—BR™'B'T, and

3
—k,  k, 0 0 0 0
A=| 0 —k; 0| AA=|0 I,& 0.
0 -2R, 0 0 0 0

It is clear that (10) is an algebraic Riccati equation (ARE)
while (11) and (12) are state-dependent Lyapunov equations
(SDLEsS). In order to transform (11) and (12) to the AREs, let
us set the matrices D; and T; as

e TiadA AAT <
D, =-me ™ ; Tis ZT BR'B'T,_;

(13)

Ti

where m; and n; are positive numbers, and T_iare symmetric

matrices. It should be noted thatT, =T,. Then the SDLEs

(11) and (12) are transformed into

oA+ AT, +(ToAA+ AATT) ), =0 (14)

n-1
TA+AT, {MAMATm —zﬁBRlsTT‘ni}n -0
i=1
(15)
where g =1-me ™",

According to [29], [30], the SDLEs (14) and (15) can be
solved by the Kronecker product. However, by establishing
T, =T e@' and AA=@AA., (14) and (15) can be further
simplified to the following algebraic Lyapunov equations
[31]:

TEA + AT +ToAA: +AALT, =0 (16)

i-1
TOA + AT +TGAA+AALTS - D TEBRTBTTS =0

k=1
(17)
0 0O
where T;® are symmetric matrices and AA. =|0 1, 0].
0 0O
Then, the approximate control law is given by
N
u=-R'B" Y T%;a'x (18)
i=0

where T, = T_0= To, & = 1, and N is the number of series

calculated offline. Note that the value of N is chosen via
extensive simulation and experimental studies as done in the
state-dependent Riccati equation methods in [32] and [33].

By substituting the control law (18) and the compensating
terms (5) into (4), the a-axis and f-axis stator voltages can be
expressed as



Uy x 22, +U, % (kei, =152,

V =

“ kely =14, 22, +22, x ki, ~1sA,) (1)
v _ uzx(keuﬂ—ua)—ulxua '
P (koly —lsAg Jx 22, +22, x(Kel, —152,)

where U;=Up+Uss and Up=Usgy+Usss .

B. Stability Analysis

Referring to [29], both Lemma and Theorem can be given
as follows:

Lemma 1: The series zw OTiei is pointwise convergent
1=

and positive definite.

Proof: This Lemma can be proven in a similar way to [29].

Theorem 1: The closed-loop control system obtained by
the error dynamics (5) and the nonlinear feedback control
law (18) is semi-globally asymptotically stable.

Proof: First, let us define the following Lyapunov

function:
=x' Z'ITIX
i=0

From Lemma 1, z:o_of is positive definite, so L(x) > 0.

L(x) = (20)

Thus, its time derivative can be obtained as

dL(x) _ {8L(x) T ‘o {él(x) T [f () + Bu]

dt ot ot
S 1 1~ 0T, @)
_ T T L=\ YN
—{x .Z:(;TI + 2x .Z:(; 8x x}[f(x)+Bu}

Besides, V, = z:o_o'ﬁx (Vx = 0V/ox) satisfies the following
HJB equation:

T[f+Bu]+;u Ru+ = R {QO+ZD9JX 0. (22

=1
Then, (22) is equivalent to

T _ 19 17 N g
v, [f +Bu]——§u Ru- =X (QNED@ ]x. (23)

Therefore, substituting (23) into (21) yields the following

equation:
a9 _ 1.1p {
= Q, + z D6’
dt 2
(24)
1 1ot
+EX Zolgx[f +Bu
i=
Sinceu=-R*BT z:o_oﬁx , the following equation can be

established:
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(25)
_ Ly {QO +Y TBR'B'Y T+ > Do’ }x.
2 i=0 i=0 i=1
Applying Courant-Fischer theorem, we have
—%XT {QO +Y TBRIBTY T+ Diei}x
i=0 i=0 i=1 (26)

< —%Amm {QO +> TBRIBTY T+ Di9‘}||x||2
i=0 i=0 i=1

where Anin is the minimum eigenvalue of the matrix in the
square bracket in (26).
Thus, the following inequality can be given:

L) Ly %x[f + Bu]
X

dt 2 &
%Amm {QO + Z'ﬁBR’lBT > T+> Do 1||x||2
i=0 i=0 i=1
< —%cl||x||2 A-BRBT ZT
i=0

(27)
where

Cy = min| Qo + )_T,BRBT Y T + ZDieil > 0.
i=0 i=0 i=1

A sufficient small ¢ is chosen to satisfy the following
inequality:

C,> z[j;

i=0

(28)

A—BR™ 1BTZT
i=0

Finally, the inequality dL(x)/dt < O is also satisfied. Hence,
the closed-loop system is semi-globally asymptotically stable.

C. Robustness with respect to Parameter Variations

It is well-known that the optimal regulator minimizing the
quadratic performance cost function (6) for a linear system
usually guarantees robust performances with minimum -6 dB
gain margin and 60° phase margin.

Similarly, the proposed control law guarantees the
robustness to model parameter variations. Consider the
following perturbed model

X = f(X)+ Af (X) + Bu. (29)
Then, the time derivative of the Lyapunov function (20) can
be rewritten as
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dLe) [oL) ], oL

i } x_[ P } [f (x) + Af (x) + Bu]
- i % Z }[f(x)+Af(x)+Bu]
L i=0 i=0
I ey
= XT;TI E zo P :|Af(X)
_%XT {Qo +2T_IBRlBT Z:):T, +2D,9'}x
+%xT _ix[f+Bu1

(30)
If the perturbation Af{x) satisfies the following inequality

v 1ol
{x ZTi+EX Za—x'x}Af(xk
i=0 i=0
Ly {QO +) TBR'BTY T, +ZDi9i]x
i=0 i=0 i1
1 1= 0T,
- iZ_O:@_XIX[f +Bu]

then L(x)<0 for all nonzero x. This implies that the

proposed method can tolerate any perturbation Af(x)
satisfying the above inequality (31). It should be noted that
we can choose a sufficient small & to make the inequality
(31) feasible.

(31)

D. Stability Analysis Considering Estimation Errors on
Torque and Flux

In Theorem 1, it is assumed that the flux and torque are
available. However, in reality, they can be only estimated and
then there exist some errors between the actual value and the
estimated value. Consequently, the control law (18) should be
replaced by the following:

N
u, =—R7B" Y T¢50'%

i=0
where X is an estimation of x. Denote the estimation error as
d=x-X (33)
If the estimation error is not so large, we can choose a
positive constant « so that Idl < x. By referring to the proof of

Theorem 1, we can show that

(32)

dL(x) {8L(X)T .
d | o N

}[f (x)+Bu+B(u, —u)]

A- BR’lBTZT
i=0
Jom
zo r 'H"X"]
< 0T,
ST

i=0

+r<|||x||[
1
Ao

z 6T
i=0 5X
Also, we can choose a sufficient small ¢; so that C;; > 0. If
z aT

OX

i=0

00

DT

i=0

(34)

where C,; =C, — A- BR’lBTZT

i=0

the estimation error satisfies |[x - X| =« < Cj, / , then

the above inequality implies that the set Q:{x:|| x||< e} is

invariant, where u =2« || T I1/(C,y - K” ||) After
all, it can be seen that the closed-loop system response is

uniformly ultimately bounded.

IV. MTPA TRAJECTORY TRACKING, LOAD TORQUE
CALCULATION, AND DESIGN PROCEDURE

This section discusses the three following issues: the
MTPA trajectory tracking, load torque calculation, and gain
tuning procedure. Also, the overall diagrams of the proposed
SVM-based DTC scheme and conventional SVM-based PI
DTC scheme are analyzed and compared.

A. Maximum Torque per Ampere Trajectory Tracking

In this subsection, the procedure to calculate ;e from Ty
is elaborated. According to [34], [35], the maximum torque
per ampere (MTPA) trajectory can be obtained if the relation
between the d-axis current iq and g-axis current iy satisfies
the following equation:

ig = kyil (35)
where k; = (Lg—Lg)/An. It is noted that (35) is an
approximated equation which is widely utilized in several
papers with an acceptable tolerance [34], [35]. However, the
equation (35) cannot be directly used because the state
variables in DTC are 4 and T,. Therefore, (35) is used to find
the relation between A and Te.

Alternatively, the electromagnetic torque and stator flux
can be calculated by:



j’d = Ldid +Am
Aq = Lyl
A=25+%4

K -3Pf1 1 _3PAn
Al L) Y 4L

Using (35) and (36), the following relation
achieved

(36)

where

can be

2
Ay = %ag + A
10 (37)
I(8k7k121 3
Te =223 + (ke + ko )Aq
klO
where kip = 1/Lg and ky; = 1/L,.

In summary, the procedure to calculate A, from T Via
MTPA trajectory tracking is as follows: Given the value of
Terer, Dy solving the third-order polynomial in the second
equation of (37), A4 is obtained. Then 44 is calculated by the
first equation of (37). Finally, A is obtained from the fourth
equation of (36). It should be noted that with defined k;, the
second equation of (37) has only one real root for A
Therefore, substituting the solution (44, Aq) calculated from
(37) into (36) yields only one solution of (ig, ig).

Remark 1: The solution for the third-degree polynomial in
the last equation of (37) can be easily calculated by the
following formula:

\/ C ¢\ b\? C ¢\’ b\®
SRR CECR S OO
2a 2a 3a 2a 2a 3a

(38)
where a = kgkskq,4/kig, b = (kgAmtkg), and ¢ = —T,. Note that
the previous DTC schemes use a look-up table for an MTPA
trajectory tracking [11], [25]-[27]. Although these methods
are quite simple, a high-degree of accuracy is not provided.
By using the equation (38), the MTPA trajectory is online
tracked with much higher accuracy. In addition, with the
high-speed TI DSP TMS320F28335 used in this paper, there
is no difficult to implement the overall control system that
includes the compensating terms (5), feedback control terms
(18), and MTPA trajectory tracking (38).

B. Load Torque Estimation

In (5), it can be seen that the load torque (T,) information
is needed to calculate the torque reference Terr. INn mMost
recent papers, the load torque is estimated by an observer.
Although this approach can accurately estimate the load
torque, it complicates the control schemes. Alternatively, the
load torque can be simply obtained from the first equation of
(2).

First, the rotor angular acceleration £ can be derived from
[36]-[38]:
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1

ﬁ(k—l)+TS o

Ay~ P
ﬁ(k)—TSHp

() -o(k-1)] (39)
where k and k-1 denote two consecutive sampling instants, T
is the sampling period, and ¢ is a sufficiently small time
constant.

Then, based on the first equation of (1), the load torque is
calculated by the following equation:

Tulk)= o)+ Tk Alk) (40)

C. Gain Tuning Procedure

The control gains T, are tuned via adjusting the
weighting matrices Qo and R. Besides, & are tuned by
changing the design parameters k; and I;. That is, the gains of
the proposed nonlinear optimal controller are tuned by the
following steps:

1) Assume that g = 1. Then tune Qo, R, and N by the
rule in [39], [33] to obtain the satisfactory control
performance.

2) With the above Qq and R, select m; and n; by the

method in [29], [30] to improve the control
performance.

Torque Proposed SV Voltage

reference direct torque & PWMA source

calculation controller inverter
N

T T, Tw i, Vo Ve

ref Ly

Load torque Torque & flux| aff

calculation | 7, estimation abe

Fig. 1. Overall block diagram of the proposed nonlinear optimal SVM-based
PI direct
torque & flux

DTC scheme.
_ ] sv %Voltage
> PWM ISOUI'CC
controller inverter
| ] TJ oA

, Torque & flux|_[o
@ MTPA |- que & fluxl, faf
rer estimation abc

PI speed
controller

o
~
o

Fig. 2. Overall block diagram of the conventional SVM-based Pl DTC scheme.

Fig. 1 shows the overall block diagram of the proposed
nonlinear optimal SVM-based DTC scheme. For comparison,
Fig. 2 depicts the block diagram of the conventional PI DTC
scheme [11], [25]-[27]. As seen in Fig. 1, the proposed DTC
system is designed in the stationary reference frame in order
to avoid estimating the stator flux angle that is used by
previous SVM-based DTC schemes in the synchronously
rotating reference frame. Notice that the control performance
is severely deteriorated because the estimated stator flux
angle is not accurate in low speed region. Consequently, the
proposed DTC technique can at once decrease the
computational efforts and enhance the control performance in
comparison with the conventional SVM-based Pl DTC
scheme illustrated in Fig. 2.
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V. EXPERIMENTAL VERIFICATIONS

A. Experimental Setup, Gain Selection, and Conditions

This section experimentally investigates the feasibility and
effectiveness of the proposed SVM-based DTC scheme
through various scenarios. Table | tabulates the parameters of
a three-phase prototype IPMSM drive system used in
experiments. Also, the proposed algorithm is implemented on
a control board with a Texas Instruments TMS320F28335
DSP. Considering the system efficiency and control
performance, the sampling frequency (T;) and PWM
frequency (f;) are chosen at 200 us and 5 kHz, respectively.
Fig. 3 presents the experimental setup of the prototype
IPMSM drive system. It should be noted that an electric
brake is used to generate the load torque. By using a
programmable dc power supply, the input current to the
brake is controlled. As the load torque generated is
proportional to the input dc current of the brake, the load
torque can be flexibly applied via controlling the input dc
current.

TABLE
PARAMETERS OF A PROTOTYPE IPMSM DRIVE
Symbol Parameter Value Unit
Prated Rated power 390 W

p Number of poles 4 -
Rs Stator resistance 2.48 Q
Lq g-axis inductance 113.91 mH
Ly d-axis inductance 74.98 mH
Am Magnet flux linkage 0.193 Wh
J Equivalent rotor inertia 0.00042 kg- m®
B Viscous friction coefficient 0.0001 N- m- s/rad

Based on the gain tuning procedure described in Section
IV, the control gains are chosen as Qp = diag(0.1, 5, 60), R =
10 *xeye(2), m; = 0.9, and n; = 0.2. It should be noted that
the system parameters continuously change due to the
magnetic saturation and temperature variations during
operating time. According to [12], [40] about the variations
of the electrical parameters, the stator resistance increases up
to 40% as the temperature in the stator winding increases. In
addition, the g-axis stator inductance decreases as the stator
current increases while the variation of the d-axis stator
inductance is negligible. On the other hand, the mechanical
parameters of the system may extremely vary as the external
mechanical load changes [41]. Therefore, to verify the
robustness of the proposed nonlinear optimal DTC scheme, it
is assumed that the variations of the stator resistance, g-axis
inductance, equivalent rotor inertia, and viscous friction are
selected as +50%, —20%, +200%, and +100% of the nominal
values, respectively. Note that all experimental scenarios are
carried out under these parameter variations and the way to
change the motor parameters in experiment is explained in
detail in [42].

In this paper, the feasibility of the proposed DTC scheme
is validated under the following three scenarios:

e Scenario 1 (Low speed region): ws = 10.5 rad/s, T, =

0.5 N-m.
e Scenario 2 (Speed reference change): wrt = 167.6
rad/s — 83.8 rad/s, T, =1 N-m.
e Scenario 3 (Load torque change): ws = 210 rad/s, T
=1Nm—0Nm.
It is noted that these scenarios fully describe the tough
operating conditions of ac motor drives in constant torque
region.

For a comparative study, the conventional SVM-based PI
DTC scheme [11], [25]-[27], [43], [44] is also performed
under the same conditions as the proposed SVM-based DTC
scheme. With the tuning rules presented in aforementioned
references, the bandwidths of the speed, torque, and flux
loops are selected as 27x0.3, 27x300, and 2xx1200 rad/s,
respectively.

B. Results and Discussions

Figs. 4 to 6 show the experimental results of the proposed
nonlinear optimal DTC scheme and conventional Pl DTC
scheme under Scenarios 1, 2, and 3, respectively. That is,
Figs. 4(a) to 6(a) depict the experimental results of the
proposed DTC scheme, while Figs. 4(b) to 6(b) show the
experimental results of the conventional PI DTC scheme.
Each plot shows the waveforms of the speed reference (wres),
measured speed (w), electromagnetic torque (T,), and stator
flux linkage (4s).

Fig. 4 demonstrates the performances of the proposed
DTC method and the conventional PI DTC method at low
speed range (i.e., 2% of the rated speed). As depicted in Fig.
4, the speed and torque waveforms of the conventional Pl
DTC scheme (i.e., 3.2 rad/s, 0.5 N-m) contain more ripples
than those of the proposed DTC scheme (i.e., 0.6 rad/s, 0.3
N-m). It should be noticed that the speed response of the
conventional PI DTC method is not so stable (e.g., frequent
undershoots) as that of the proposed DTC method.

Fig. 5 illustrates the experimental results of the proposed
DTC scheme and the conventional PI DTC scheme when the
speed reference (wre) changes. As shown in the figure, the
speed response of the former method (58 ms) is much faster
than that of the latter method (70 ms). Besides, the speed and
torque ripples of the proposed DTC scheme (8.4 rad/s, 0.3
N-m) are smaller than those of the conventional DTC scheme
(13.3 rad/s, 0.7 N-m).

Fig. 6 presents the experimental results of the proposed
DTC scheme and the conventional PI DTC scheme when the
load torque (T.) changes. It is clear that the electromagnetic
torque (Te) response of the conventional method (75 ms) is
slower than that of the proposed method (60 ms). Moreover,
the proposed DTC technique can remarkably reduce the
speed and torque ripples as compared to those of the
conventional method (Proposed: 0.8 rad/s, 0.2 N-m;
Conventional: 4.2 rad/s, 0.45 N-m). Based on Figs. 4-6,
Table Il summarizes the comparative performance details of
the proposed DTC scheme and the conventional PI DTC
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scheme. Settling time of speed (ms) 58 70
2 Speed ripple (rad/s) 8.4 13.3
TABLE Il gor(ﬂ.ue rl_pple (fN-m) %g (;57
COMPARISON BETWEEN TWO DTC SCHEMES IN EXPERIMENTAL STUDIES ettling time of torque (ms)
cenario ICriteria Proposed DTC | Conventional PI 3 [Speedripple (rad/s) 08 4.2
scheme DTC scheme [Torque ripple (N-m) 0.2 0.45
1 Speed ripple (rad/s) 0.6 3.2
[Torque ripple (N-m) 0.3 0.5
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Fig. 4. Experimental results at low speed region. (a) The proposed nonlinear optimal DTC scheme. (b) The conventional PI DTC scheme.
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Fig. 5. Experimental results at speed reference change. (a) The proposed nonlinear optimal DTC scheme. (b) The conventional PI DTC scheme.
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Fig. 6. Experimental results at load torque change. (a) The proposed nonlinear optimal DTC scheme. (b) The conventional PI DTC scheme.

VI. CoNcLUSION AND FUTURE WORK

This paper suggested a nonlinear optimal DTC technique
of IPMSM traction drives based on an offline approximation
approach for EV applications. Because of being constructed
in the stationary reference frame, the proposed DTC scheme
did not need the stator flux angle information which is
essential in the conventional PI DTC scheme. Therefore, the
proposed method is much simpler and more robust than the
conventional PI DTC method because it eliminates Park’s
transformation and is independent of the estimated stator flux
angle that is not accurate in low speed range. In addition, the
nonlinearity of the system was effectively dealt with by an
approximated nonlinear optimal control law. To verify the
effectiveness and feasibility of the proposed DTC strategy,
experiments were carried out on a prototype IPMSM drive
using a TMS320F28335 DSP. The experimental results
under a full set of scenarios showed that the proposed
nonlinear optimal DTC method could significantly improve

the control performances of the conventional PI DTC scheme
in terms of robustness at low speed region, fast transient
response time at speed reference and load torque changes,
and small speed and torque ripples.

Although the proposed technique was tested on a typical
IPMSM drive in constant torque region, the design was
presented in a general form, which is applicable to other
types of the IPMSM drives in different applications. In the
future work, the proposed control algorithm will be extended
to the flux-weakening control region with maximum torque
per voltage (MTPV) operation of the IPMSM drives.
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