7240

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 8, AUGUST 2018

Optimal Duty Cycle Model Predictive Current
Control of High-Altitude Ventilator Induction Motor
With Extended Minimum Stator Current Operation

Liming Yan

Abstract—High-altitude ventilator has been utilized to blow the
air into airship airbags to achieve flight control of the stratospheric
airship. Owing to the thin air in the stratosphere, high-altitude ven-
tilator induction motor operates at high-speed light-load condition.
The traditional minimum stator current operation is employed to
minimize conduction and switching losses below the rated speed.
This paper extends this concept to the field-weakening region, and
puts forward the extended minimum stator current operation (EM-
SCO) to obtain high efficiency at any speed. The EMSCO criterion
is formalized as constrained optimization problem that is solved by
breaking down into subproblems. The proposed EMSCO maps the
torque reference onto the optimal field current and torque current
references. In addition, optimal duty cycle model predictive current
control (ODC-MPCC) is proposed to reduce the current ripple and
computation burden compared with traditional MPCC. In ODC-
MPCC, the novel cost function based on deadbeat voltage vector
reduces the computation burden. The proposed ODC-MPCC of
induction motor with EMSCO is verified effectively by simulation
and experiment, which is compared with the traditional control
strategy of induction motor.

Index Terms—High-altitude ventilator, induction motor, mini-
mum stator current operation, model predictive control.

I. INTRODUCTION

UE toits long residence time in the stratosphere, large load
D capacity, and wide coverage, the stratospheric airship is
employed in environmental monitoring, relay communication,
and scientific detection, which makes it receive more attention in
recent years [1]. The high-altitude ventilator is utilized to inject
the air into airbag to achieve flight control of the stratosphere
airship [2], [3]. The research on the optimized control strategy
of high-altitude ventilator is crucial to improve the operation
performance and energy saving of airship.
Multidimensional physical parameter modeling and control
of high-altitude ventilator is rare in the literature, while the
main research focuses on the ground ventilator system. The
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modeling methods of ground ventilator mainly are divided into
curve fitting and neural network [4], [5]. The control strategies
of the ground ventilator consists of constant speed control and
variable speed control [6]. Constant speed control strategy
contains changes of the pipe characteristic curve, the valve
adjustment, and inlet guide vane adjustment, which have the
features of a simple operation and the low efficiency [7], [8].
The variable speed control strategy is to regulate the ventilator
speed to alter the ventilator characteristic curve, and then
realize the volume flow control of ventilator. This method has
the features of high equipment cost and high efficiency [9].

Because of the thin air at high altitude, high-altitude ventila-
tor needs to increase the rotation speed to meet the demand of
static pressure difference between the airbag and atmosphere.
In this case, high-altitude ventilator induction motor operates
at field-weakening mode and in light-load state. The traditional
field-weakening control algorithms of induction motor can be
classified into three kinds [10]-[14]. The first algorithm is 1/w;
field-weakening method, which makes the field current inversely
proportional with the speed in the field-weakening mode. This
algorithm is easy to implement but cannot obtain the optimal
field current with variable load torque. The second algorithm
is to calculate the field current and torque current based on the
precise mathematical model of induction motor. This algorithm
can theoretically obtain the maximum output torque at voltage
and current limits, but it heavily depends on induction motor
parameters. The third algorithm is to exploit the voltage feed-
back to adjust field current. This algorithm can obtain maximum
torque output capability and is independent on the parameters of
induction motor, but the voltage outer-loop controller increases
the complexity and instability of the system [15], [16]. Further-
more, it cannot guarantee the optimal operation with minimum
stator current when the torque reference is small. In [17], four
kinds of field-weakening methods are compared and analyzed
in detail. In [18], the constrained maximum torque per ampere
(MTPA) criterion of permanent magnet synchronous motor is
extended to the weakening region to achieve high efficiency at
any speed.

In recent years, finite control set model predictive control
(FCS-MPC) has been widely used in power electronics and
electric drive [19]-[23]. FCS-MPC adopts discrete optimization
method, which selects the optimal voltage by the cost function
in one sampling period. This method is consistent with the dis-

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.


https://orcid.org/0000-0002-3667-6200
https://orcid.org/0000-0001-5041-359X

YAN et al.: ODC-MPCC OF HIGH-ALTITUDE VENTILATOR INDUCTION MOTOR WITH EMSCO

cretization and nonlinearity of power electronic and electrical
drives [24]-[26]. Model predictive current control (MPCC) is
first proposed in [27], and then quickly receives more attention
due to its straightforward concept and good performance. How-
ever, the hard setting of weighting factor, heavy computation
burden, and current ripple become obstacles for the develop-
ment of model predictive control. In [28], multiobjective opti-
mization using fuzzy decision making is proposed to substitute
the scalar cost function. In [29], FCS-MPC with a deadbeat so-
lution for permanent-magnet synchronous motor drives is put
forward to reduce the candidate voltage vectors. Because of only
one voltage vector applied at one sampling period, current ripple
is more heavy compared with Space vector pulse width mod-
ulation. Some scholars have proposed to employ two voltage
vectors with duty cycle to decrease the ripple. In [30], predic-
tive duty cycle control with online optimizing is proposed for
rectifier to predict instantaneous current variations. The paper
[31] is devoted to put forward a novel duty cycle control strat-
egy to reduce both torque and flux ripples. In [32], two-vector-
based model predictive torque control is put forward to decrease
torque ripple, and simultaneously this paper adopts predicting
stator flux linkage vector leaving out the weigh factor of the cost
function.

In this paper, four-dimensional mathematical model of high-
altitude ventilator is established, and then the flow tracking
control strategy is put forward to achieve volume flow con-
trol. The proposed optimal duty cycle model predictive current
control (ODC-MPCC) of induction motor with extended min-
imum stator current operation (EMSCO) not only decreases
the stator current, but also lower the computation burden of
model predictive control. This paper is arranged as follows:
Section II introduces the mathematical model of high-altitude
ventilator, flow tracking control strategy, and the load char-
acteristics of ventilator; Section III introduces the extended
minimum stator current control strategy; Section I'V introduces
ODC-MPCC to achieve fast tracking of stator current reference;
Section V verifies the effectiveness of the algorithm by simula-
tion and experiment; Section VI presents the conclusion of this

paper.

II. HIGH-ALTITUDE VENTILATOR
A. Mathematical Model of High-Altitude Ventilator

The inlet and outlet of the ventilator face the atmosphere
and the airbag, respectively, as shown in Fig. 1. The atmo-
spheric states of ventilator inlet varies with flying height of
airship, and the static pressure difference between ventilator
inlet and outlet changes as the operating state of the airship.
Thence, the mathematical model of high-altitude ventilator con-
tains four state variables, which are volume flow, static pressure
difference, rotating speed and height, respectively. These vari-
ables are mutual coupling and have the nonlinear relationship.
In order to realize the precise control of the ventilator, it is
necessary to establish the mathematical model of high-altitude
ventilator.

When the ventilator operates at rated speed at 0 km, the
mathematical model of ventilator is the binary function about

7241
> The Control System of Stratospheric Airship €«
Qre_f
» Flow Tracking Control with Constrained H-P Criterion «—
i N,
Induction Motor driver
: : ‘I!IIIIIIIIII’ § é
§ Airship 4 Atmosphere |
: airbag i v :
5 D S | ‘ -« - 5
i ool | . =
i < - «- :
§ Induction Motor E
E9) /! @@ |
: Pin : :\P out }
""""""""" + ()= The altitude
Static pressure difference [ \|/ H

Fig. 1. High-altitude ventilator.

volume flow and static pressure difference. Based on the discrete
operating points calculated by means of experimental measure-
ment or finite-element method, the polynomial mathematical
model of the ventilator is established by using the data fitting
method. The polynomial mathematical model is shown as (1).
The relationship between static pressure difference p. and vol-
ume flow (). is shown in (la), where the coefficients «; are
obtained by data fitting method, and the relationship between
ventilator input shaft power and volume flow is shown in (1b):

n
7
Pe = § aiQe
i=0
m

=0

The above equation (1) is the mathematical model of the
ventilator at rated speed n, at the altitude of 0 km. When the
altitude is H, the air density p can be expressed as [33] follows:

p=1.2258(1 — 0.02257H)**5 kg/m*(H < 11km) (2a)

(1a)

(1b)

p=1.2258 x 1.684¢ °™M kg /m?(H > 11km).  (2b)

The four-dimensional mathematical model of high-altitude
ventilator can be established by similar principles. The similar
principles are shown as (3), where Q., p., n¢, pe, P. represent
the operating values of high-altitude ventilator at 0 km, and
Q, p, n, p, P represent other operating states of high-altitude
ventilator

Q = Qen/ne - NQe (3a)
p=pe(n/ne)*(p/pe) = N*pe(p/pe) (3b)
P = P.(n/n.)*(p/pe) = N’ Pp/pe). (30

Equations (1) and (2) are substituted into (3) and then (4)
can be obtained, which is the four-dimensional mathematical
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Fig. 2. Curve of static pressure difference and volume flow.

model of high-altitude ventilator. The more accurate mathemati-
cal model can be obtained by mathematical interpolation method
with the more discrete operating points at different speeds and
different heights. From (4), the static pressure difference is the
function of the volume flow, the speed, and operating height, so
is the shaft power

p=FQn H) = NS a(Q/N) (pfp)  (a)

i=0

P=g(Qmn,H)=N*> Bi(Q/N)Y(p/p.).  (4b)

i=0

B. Control Strategy of High-Altitude Ventilator

As shown in Fig. 1, the role of the ventilator is to output the
reference volume flow of the air by adjusting the speed under
the constraints of the static pressure difference and flight height.
When the airship is in flight, the static pressure difference p
and the height H can be obtained by the sensors. Therefore,
(4a) is degenerated to the binary function about the speed and
the volume flow, which is shown in Fig. 2. By adjusting the
ventilator speed, the reference volume flow can be obtained.
As shown in Fig. 2, the output volume flow of the ventilator
is limited between Q,in and Q.. The maximum flow Q.
can be obtained from the maximum output power of induction
motor, while the minimum flow Q,,,;, can be obtained from the
ventilator stable operation area. py presents lower limit value
of static pressure difference, and insufficient static pressure dif-
ference will cause the deformation of the airship structure. pyr,
presents upper limit value of this static pressure, and excessive
static pressure difference will cause the airship to expand and
crack. The diagram of the flow tracking is shown in Fig. 3.
First, the two-dimensional function with () and n can be ob-
tained when the constrains p, H are known by the sensors.
Second, compute @i, and Qy,ax. Third, the reference speed
n,.y can be obtained by the two-dimensional function with
and n.
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C. Load Characteristic of High-Altitude Ventilator

When the rated values at 0 km are defined as base values, 7-n
curve of high-altitude ventilator at different height is shown in
Fig. 4. As can be seen from Fig. 4, the load torque of high-
altitude ventilator is 0.32 p.u. at 10 km, and the load torque
of high-altitude ventilator is only 0.28 p.u. at 20 km. It is
obvious that induction motor is in the light-load condition in
field-weakening mode. The traditional variable voltage variable
frequency control strategy of induction motor leads to the waste
of energy for the airship with energy shortage. In order to save
energy, the field current and torque current of induction motor
should be optimized according to the load torque of high-altitude
ventilator.



YAN et al.: ODC-MPCC OF HIGH-ALTITUDE VENTILATOR INDUCTION MOTOR WITH EMSCO

III. EXTENDED MINIMUM STATOR CURRENT CONTROL OF
HIGH-ALTITUDE VENTILATOR INDUCTION MOTOR

A. Mathematical Model of High-Altitude Ventilator Induction
Motor

The vector mathematical model of three-phase winding
induction motor at the reference frame rotating with any speed
w can be described as (5)—(7). L,, L,, and L,, are the stator
inductance, the rotor inductance, and magnetizing inductance,
respectively. As shown in [34], L,, is treated as a nonlinear
parameter, which is updated in every sampling period. First,
L,,, can be considered as the constant value for the convenience
of analysis. R, and R, are the stator resistance and the rotor
resistance, respectively. 7y, 1y, and v;’ are the current vector,
flux linkage vector, and Voltage Vector of the stator, respectively;
similarly, 7, ¢,°, and v," are the current vector, flux linkage
vector, and Voltage vector of the rotor, respectively. The electro-
magnetic torque 7, can be viewed as the result of the interaction
between ¢y and ;" and P represents the pole pairs among
the (9)

w

UY

~ R+ 5)
w Ay w
0= Rl + ;”; Hiw-w)e
¥, = Lstg + L3, (7)
W = Lm quﬂ + L71;p (8)
3 L ? i}
T m I {1/}“ Z“ (9)

When the reference frame rotates with the angular frequency
w, of the rotor flux linkage vector, the stator current vector can
be described as (10), where i, and if, are d-axis current com-
ponent and g-axis current component. The g-axis component of
rotor flux linkage vector ¢y, is zero, namely, ¢y, = 0. 15, can
be described as (11), where ij, is field current and p is the dif-
ferential operator. When { is kept as the constant for a period
of time (t > 4L ), the electromagnetic torque 7, can be written
as (12), where z s denotes the torque current

is = tqs + Jigs (10)
Ly, .
= m 11
1/’(17 1+p(Lr/RT)Zd ( )
3 L%
(’, - 2PL Zdezqc (12)

B. Extended Minimum Stator Current Control of Induction
Motor

Based on (12), i, and i, are not unique to produce the
desired torque and this provides an additional freedom to co-
ordinate i, and g . In this paper, the additional freedom is
utilized to realize the minimum stator current. The minimum
stator current control strategy can enhance the induction motor
efficiency and lower inverter capacity. It is the optimal problem
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to obtain minimum stator current with the desired torque. This
optimal problem can be described as follows:

min I, = \/(i5,)* + (ic,)’ (13a)
st (weoLgit,)” + (weLyiG,)? < Vi (13b)
(i5)° + (i64)" < P (13¢)

2
9P T, st =T (13d)
T < T (we) (13e)
7;23 S idSJ‘atC' (13f)

Equation (13a) is the objective function of the constrained op-
timization problem. Equation (13b) is voltage constrain, which
is subject to the invert voltage rating and the insulation per-
formance of induction motor. V.« is obtained by the formula
Vimax = (Vi/\/3) 1, where yu is a factor less than 1 in order to
consider the fluctuations of the bus voltage V. o is leakage
coefficient that is defined by o = (L L, — L% )/L,L,. Equa-
tion (13c) is current constrain, which is subject to the thermal
limit of the invert and induction motor. The desired torque 7' is
defined by (13d). The constrain (13e) describes the maximum
torque provided by induction motor, where the solution of 7,
can be described as other constrain optimal problem

3L2

max 1, = 3 Lmzdszqs (14a)
st (weoLeit,) + (we Lyig,)” < Vi (14b)
(i5:)" + (i5,)" < P (14c)

s < Udsrate- (144d)

The optimal problem (13) is the constrained nonlinear pro-
gramming problem, which is hard to solve with the parameters
in general. However, the optimal problem (13) can be decom-
posed into subproblems that can be solved by the properties
of system, such as the minimum stator current curve, constant
torque curve, and the voltage constraint ellipse. The solution is
composed of three modes, the constant torque mode, the con-
stant power mode, and the constant voltage mode. Three modes
are divided based on the synchronous electromagnetic speed w .
The w, range of the constant torque model is 0 < w, < Wpase,
where w50 18 described in (15). 44 rate 1S the rated current of
induction motor. The w, range of the constant power model is
Whase < We < w1, Where wy is described in (16). The w, range
of the constant voltage model is w; < w,. The diagram of the
optimal problem is shown in Fig. 5

‘/smax

Whase
72 2 5272
\/st,rate (L9 o Ls‘)

(Vemax/Tsmax) v/ (L2 + 02L2) / (2L%0?) .

1) Constant Torque Mode (0 < w. < wpase): Because ex-

cessive field current can make magnetic circuit saturation of

(15)

+ (0 Ls Iomar)”

(16)

w1 =
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Fig. 5. Three modes of induction motor with extended minimum stator current operation. (a) Constant torque model. (b) Constant power model. (c) Constant

voltage model.

induction rotor, the d-axis current is limited to 445 ate. The
maximum torque T« is described as (17a). If the desired torque
T exceeds Tiax, it is supposed that the drive system can provide
the largest available torque 7j,,x

3 L2 . T .
Toax = EpL—T'zds 2 — (15,)° (17a)
7;25 = ids_rate~ (17b)

If T' < Tinax, the d-axis current 45, and g-axis current igs are
obtained by the minimum stator current curve, which are de-
scribed as (18a) and (18b). The diagram of the optimal problem
in the constant torque model is shown in Fig. 5

e

> 2
ds

if, = min (V2TL, [ (9L} ) idesaie)  (183)

~€
iys

2 e
2TL,/ (3me zfls) . (18b)

2) Constant Power Mode (wpase < we < wi): From the
current plane of Fig. 5, it is known that the maximum torque is
obtained when the stator current is located in the intersection of
the voltage elliptical and current elliptical. The maximum torque
Tmax, d-axis current ¢, and g-axis current ig < are, respectively,
given as follows:

Tmax (wﬁ) - 3pLZ’L 229129/(21’7) (193)
(Vsmax/wc)2 - (ULSL;max)2
i, = \/ (19b)
L2 — (oLy)?
7’25 = I.,gmax - (7;25)2' (190)

The i, ,; denotes the corresponding d-axis current of in-
tersection point of the voltage elliptical and constant torque
curve. The optimal d-axis current is expressed in (20), where 7.

represents the torque at the point C'in Fig. 5

min (1 / g—;azdt) . for0 < T<T.,

igs =
min (igs_m., zdt) . for T, < T < T
(20a)
it, = 2TL,/ (3pL},i3,) - (20b)

3) Constant Voltage Mode (w; < w,): The T, i, and
iys are, respectively, given as follows:

Tinax (we) = 3pLi,ig,iq./(2L,) (21a)
iy = Vimax/ (\/iwL) (21b)
s = Vimax/ (\/iweaLs). 21c)

The optimal d-axis current can be expressed as (22), where
the meanings of variables are as same as ones of the constant
power mode

min (/25 i quie ), for 0 < T<Ty
igs = )
min (Z.;S_pj) ids.rate) ) for T. <T' < Tiax
(22a)
it, =2TL,/ (3pL2,i3,) - (22b)

The diagram of EMSCO is shown in Fig. 6. The first step is to
identify the operation mode. The second step is to compute the
maximum torque T1,.x. The third step is to obtain the optimal
stator current references.

IV. OpTIMAL DUTY CYCLE MODEL PREDICTIVE
CURRENT CONTROL

Based on the mathematical model of induction motor in
Section III, the stator current can be described as (23) in the
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Fig. 6. Diagram of extended minimum stator current operation.

stator reference frame [35]
- diy k. (1 Vg
Is +T7g— = — | — .
dt Rg’ Tr Ra

In order to obtain the discrete model, the forward Euler dis-
cretization is adopted

- jw) Ur + (23)

Yr1 =Yk + Lo f (1, yr) (24)

where T is the sampling time of the control system. Then,
the discrete equation of stator current can be described as (25).
Different voltage vectors at k sampling time are used to predict
stator currents at k + 1 sampling time. The optimal voltage
vector will be selected, which makes the cost function minimum

Te . Te kr
is(k+1) = (1 - > is(k) + ——
7o Ry

To
T,
To Ry

vs (k). (25)

1
R (K
(£ -d0) vt +
The discrete equation of stator current (25) can also be rewrit-

ten as (26a), where k; and ks are, respectively, (26¢) and (26b)

T
ky = R (26b)
T\ . T, k, .
ki = (1 - ) is(k) + —— < - ]w> U, (k)
To 7o Ry r
(26¢)

Assume the stator current reference at k£ + 1 sampling time
is if(k 4+ 1). The deadbeat voltage vector v’ (k) is defined as
the voltage vector, which makes the stator current reach the
reference value ¢} (k + 1) at k£ + 1 sampling time. Thence, the
stator current reference 7% (k + 1) and the deadbeat voltage vec-
tor v’ (k) satisfy

(k4 1) = ki + kov? (K). 27)

In this paper, in order to reduce the stator current ripple,
two voltage vectors at one sampling period will be utilized.
Assuming that two selected voltage vectors are denoted as u,
and u,,. The duty ratios of u, and u, are denoted as o, and «,.
The equation v, (k) = a,u, + oy u, can be obtained. By (26a)
and (27), the cost function can be expressed as

Goy = |ig(k +1) —is(k+1)]
= k1 + kavg (k) — [k1 + kavs (K)]|
= ko |05 (k) — (s + auy)|. (28)

In view of u, and wu,, the solution of a, and «;, can be
formalized in the form of an optimization problem as follows:

min = g,y (ay, o) (29a)
st a, +a, =1 (29b)
0<a, <1. (29¢)

Assume u, is not equal to u,. By solving the optimization
problem (29), the duty ratio «, of u, can be expressed as (30a).
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Fig. 7. Vectors of 2-level voltage source inverter.
TABLE 1
SELECTED VECTORS OF ODC-MPCC BY DEADBEAT VECTOR
Angle-DB DB-sector  Selected vectors Selected pairs
[0,7/3] 1 Uo, U1, Uz Uo1,Up2,Ur2
(m/3,2m/3] 2 Uo,Us,Us Uo2,Uos, Uz
(27 /3,7 3 Uo,Us, Uy Uos, Uoa, Usy
(m,4m /3] 4 Uo, Uy, Us Uoa,Uos,Uss
(47/3,5m /3] 5 Uo,Us, Us Uos, Uoe, Use
(57/3, 2m] 6 Uo,Us, Ux Uos, Uo1, Us1

The cost function (28) can be expressed as (30b)

e = (Vi (k) = uy) (e — )]/ s —uy|?

Gy = ko [V (k) — [agu, + (1

(30a)

— ag)uyl|. (30b)

For the two-lever voltage source inverter, eight voltage vec-
tors can be produced, six active vectors and two zero vectors,
respectively. These voltage vectors can generate 21 pairs of
voltage vectors. If the cost function g,, of every pair of volt-
age vectors is computed in one sampling period, it will pro-
duce much computation burden. In this paper, three voltage
vectors are first selected by the deadbeat voltage vector, and
then the selected three vectors will only produce three pairs
of vectors. For example, if the deadbeat voltage vector is lo-
cated in the DB-section 1, the voltage vectors Uy, Uy, Us will
be selected as shown in Fig. 7. These three vectors will pro-
duce three pairs of vectors Uy, Ups, U2 as shown in Ta-
ble I, where Uy, represents one pair of vectors, Uy and Uj.
The cost functions of three pairs will be computed according to
(30). The optimal pair will be selected, whose cost function is
minimum.

The implementation of the proposed ODC-MPCC will be
divided into five steps as shown in Fig. 8. In Step 1, obtain
i*(k + 1), is(k), and ¥, (k). In Step 2, compute the deadbeat
voltage vector based on (26) and (27). In Step 3, select three pairs
of voltage vectors based on Table I. In Step 4, compute the cost
function of every pair, respectively. In Step 5, select the optimal
pair of vectors, which can make the cost function minimum.
Then, apply the optimal pair of vectors at k + 1 sampling time.
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Step 1
Input i, (k+1),i,(k),y, (k) ; )

Step 2

A 4

Compute v: (k); Eq.(26) and Eq.(27)

Step 3 v

Select three pairs of vectors from Table I

Step 4 l

Compute the cost function of every pair; Eq.(30)

Step 5

( Select the optimal pair and generate pulse )

Fig. 8. Diagram of ODC-MPCC.

For example, the optimal pair of vectors are Uy and U7, and the
duty ratio of Uy is . At k + 1 time, the voltage vector U, will
be applied and lasts for a7, then the voltage vector U; will be
applied until the k + 2 time.

Fig. 9 illustrates the block diagram of ODC-MPCC of induc-
tion motor with EMSCO, which mainly consists of two parts,
extended minimum stator current operation and ODC-MPCC.
The diagrams of two parts are, respectively, shown in Figs. 6 and
8. The speed reference can be obtained from the flow tracking
control strategy shown in Fig. 3. In order to consider the non-
linearity of magnetizing inductance L,, [34], L,, (ij,) can be
obtained by experimental method. At the end of each sampling
cycle, L, will be updated by the look-up table method.

V. SIMULATION AND EXPERIMENT

A. Simulation Analysis

The proposed ODC-MPCC of high-altitude ventilator induc-
tion motor with EMSCO is tested by simulation with MAT-
LAB/Simulink, and is compared with traditional control strategy
of induction motor. For traditional control strategy of induction
motor, the field current is set as (17b) at constant torque mode,
(19b) at constant power mode, and (21b) at constant voltage
mode. The parameters of induction motor are listed in Table II.
The sampling period is set as 0.1 ms. Iy, is set to the rated
current of induction motor. In order to compare two algorithms,
the same anti-windup proportional-integral controller for the
speed loop is applied [36].

First, the speed reference is set as 1 p.u. at 0 s, and 2 p.u. at
0.3 s. The response of speed, torque, stator current, and dg-axial
current is shown in Fig. 10. At the stage of acceleration, owing
to the speed reference is too lager so that the speed controller
saturates, and outputs the maximum torque reference. The part
of EMSCO produces the rotor flux linkage reference and the d-
axial current reference based on the torque reference. The rotor
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Fig. 9. Block diagram of ODC-MPCC of induction motor with EMSCO.

TABLE I
PARAMETERS OF INDUCTION MOTOR

Py
Un

3.6 kW
150 vV
16.8 A

Rated power
Rated voltage
Rated current Iy
Rated frequency I 150 Hz
Rated torque TN 40N-m
Number of pole pairs Ny 1
Rated field current Lis vate 58 A

T [T—

NN

0 0.1 0.2 0.3 0.4 0.5 0.6
Time[s]
Fig. 10. Dynamic response of induction motor by simulation.

flux linkage is controlled by the d-axial current based on (11),
which is the first-order inertia system. Because the rotor flux
linkage is controlled by the d-axial current at a delay of rotor
time constant, the torque cannot immediately reach its refer-
ence and has the response process as shown in Fig. 10. When
the speed of induction motor rises above the base value, be-
cause of the voltage ellipse limit, the maximum output torque

observer

decreases as the speed increases. When the speed reaches its
reference, the optimal dg-axial current based on the load torque
is produced by the part of EMSCO. From Fig. 10, induction
motor operates in constant torque mode at 0.25 s, and in con-
stant power mode at 0.55 s. The response of dg-axial is quickly
because MPCC directly chooses the optimal pair of voltage
vectors.

To verify the effectiveness of EMSCO at steady stage, differ-
ent load torques are set at different speed references. The cases
are as follows:

1) w=1.0p.u withT = 0.05,0.2,0.5, 0.75, 1.0 p.u.;

2) w=2.0p.u withT = 0.05,0.2, 0.5 p.u.
are evaluated, and the simulation results are shown in Fig. 11.
The detailed data are listed in Tables III and I'V. The d-axial cur-
rent reference of traditional control strategy below rated speed
is the rated field current, while that of the proposed EMSCO
algorithm varies with the load torque. The proposed EMSCO
algorithm can reduce the stator current at light-load state. At
the speed of 2.0 p.u., owing to the voltage ellipse limit, the
maximum output torque decreases to 0.5 p.u., while the EM-
SCO algorithm can also minimize the stator current at light-load
state.

In order to evaluate the influence of variable magnetizing
inductance on the computation of 4}, and zqs, 1y, and 4)  are

qs
obtained by EMSCO with Lm and L,,, , where Lm is set as L
1.5L,,. From Fig. 12, as the speed increases, the influence of
variable magnetizing inductance on i;, and 7, is reduced.

B. Experiment Analysis

The proposed ODC-MPCC of high-altitude ventilator induc-
tion motor with EMSCO is experimentally tested on two-lever
inverter-fed induction motor platform, which is illustrated in
Fig. 13. The high-altitude ventilator is placed in low pressure
chamber that can simulate the low-pressure state at high alti-
tude. The parameters of induction motor is listed in Table II,
and the axial ventilator is driven by induction motor. The plat-
form adopts two-lever voltage source inverter to drive induction
motor, and the dc-bus voltage is provided by the dc power sup-
ply cabinet. A 32-bit floating point digital signal processing
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Fig. 11.  Steady-state points by simulation. (a) w = 1.0 p.u. (b) w = 2.0 p.u.
TABLE III
STEADY-STATE OPERATION WITH w = 1.0 P.U. BY SIMULATION
Ty [p-u.] 0.05 0.20 0.50 0.75 1.00
Trad-I;[p.u.] 0.2225 0.2219 0.2226 0.2234  0.2246
EMSCO_I;[pu] 0.1039 0.2024 02236 0.2235  0.2242
Trad_I, [p.u.] 0.0547 0.2137 0.5152  0.7547  0.9497
EMSCO_I;[pu] 0.1150 0.2240 0.5292  0.7551  0.9486
Trad_I [p.u.] 0.2291  0.3080 0.5612  0.7870  0.9759
EMSCO_Ii[p.u] 0.1550 03020 0.5745 0.7875  0.9747
TABLE IV

STEADY-STATE OPERATION WITH w = 2.0 P.U. BY SIMULATION

Ty, [pu) 005 020 050

Trad_I, [p.u] 0.1076  0.1099  0.1151
EMSCO_I,[pu] 0.1001 0.1176 0.1263
Trad_I, [p.u] 0.1697 04394  0.9738
EMSCO_I,[pu] 01051 03998 0.9702
Trad_I,[p.u] 02010 04529  0.9805
EMSCO_I[pu] 0.1451 04168 0.9784

(DSP) TMS320F28335 serves as the control core to accom-
plish the proposed algorithm. The stator current of induction
motor is transferred to the DSP by A/D converter module. The
speed command is transferred to the DSP by serial interface.
All variables are displayed on the digital oscilloscope by the
D/A converter module. The data are further transferred to PC
for plotting with MATLAB. In the experiment, the sampling
frequency of the control system is 10 kHz.

First, the high-altitude ventilator is put into low-pressure
chamber, and then the pressure of low-pressure chamber is re-
duced to 5530 Pa, which is the atmospheric pressure at 20 km.
Then, the speed reference is set as 1 p.u. at 0 s, and 2 p.u. at
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0.3 s. The response of variables of induction motor is illustrated
in Fig. 14. In the acceleration stage, due to excellent dynamic
performance of ODC-MPCC, d-axis current quickly reaches its
reference value, while the torque rises up slowly at a delay of
rotor time constant. At the steady stage, the minimum stator
current is obtained to meet the torque requirement.

In order to verify the steady performance of the proposed
algorithm, the different pressures of low-pressure chamber will
be set at different speeds, which are shown as follows:

1) w = 1.0 p.u. with p, = 0.05, 0.2, 0.5, 0.75, 1.0 p.u;

2) w = 2.0 p.u. with p, = 0.05, 0.075, 0.12 p.u.

The base value of pressure is the standard atmospheric pres-
sure 101 325.0 p,.

Because the ventilator load torque is proportional to the den-
sity of the air based on similar principles of ventilator, induc-
tion motor can operate in light-load condition by reducing the
pressure of low-pressure chamber. The experiments results are
shown in Fig. 15. Compared with the traditional method, the
proposed algorithm can optimize stator current as shown in Ta-
bles V and VI. When the pressure is 0.05 p.u. atw = 1.0 p.u., the
traditional method needs 0.2633 p.u. I to meet the torque re-
quirement, while the proposed algorithm only needs 0.1856 p.u.
I, which reduces by 29.51%. The reduced I, makes copper loss
lower, and the reduced I; makes the iron loss lower. So, the pro-
posed EMSCO can obtain smaller losses and lower temperature
of induction motor.

The third test is to compare the current ripple and compu-
tation burden of the proposed ODC-MPCC and the traditional
MPCC (TMPCC). The time consumption of ODC-MPCC and
TMPCC is tested by TMS320F28335. In one sampling period,
the computation time of TMPCC is 54 us, while that of ODC-
MPCC is 32 ps. The computation of ODC-MPCC is 40.7% less
than that of TMPCC. In order to compare the current ripple of
two methods, Igs vipple and Iy, 1ipple are defined as (31) and
(32), respectively, where 1, ; and I, ; are the instant values of
d-axial current and g-axial current, respectively, and 1, _,, and
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15 v are the average values
Ids_ripple - (]./TL) Z (Id_i - Id_av)2 (31)
i=1
Iqs_ripple = (l/n) Z (Iq.i - Iq_av)2- (32)
i=1

By the current ripple analysis of the experiment at w = 1.0 p.u.
with 7=1.0 p.u., the detail quantitative results are as shown in
Table VII. According to Table VII, Iy, vipp1e of ODC-MPCC is
1.3079, which is 47.21% less than that of TMPCC. I s yipple
of ODC-MPCC is 1.5189, which is less than that of TMPCC
is 2.8144. I, yipple of ODC-MPCC is 45.92% less than that
of TMPCC. The proposed ODC-MPCC has better steady-state
performance than TMPCC. Because the ODC-MPCC algorithm
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TABLE V
STEADY-STATE OPERATION WITH w = 1.0 P.U. BY EXPERIMENT

Pressure[p.u.] 0.05 0.20 0.50 0.75 1.00

Trad_I;[p.u.] 0.2513  0.2538  0.2537  0.2536  0.2524
EMSCO_I4[pu] 0.1217 02176  0.2237  0.2238  0.2224
Trad_I; [p.u.] 0.0784 0.2300 0.5152  0.7405 0.9423
EMSCO_I;[pu] 0.1402 0.2276 0.5036  0.7365  0.9322
Trad_I;[p.u.] 0.2633  0.3426  0.5743  0.7828  0.9755
EMSCO_I[p.u] 0.1856 03149 0.5617 0.8648  0.9682

TABLE VI

STEADY-STATE OPERATION WITH w = 2.0 P.U. BY EXPERIMENT

Pressure[p.u.] 0.05 0.075 0.12

Trad-I;[p.u.] 0.1380  0.1413  0.1454
EMSCO_I;[pu] 01195 0.1182 0.1154
Trad_I, [p.u.] 04151 0.6120 0.9584
EMSCO_I;[p.u] 0.3874 0.5786  0.9362
Trad_I[p.u.] 0.4374  0.6281  0.969%4
EMSCO_I[p.u] 0.4054 05905 0.9654

TABLE VII

COMPARISON OF STEADY-STATE PERFORMANCE WITH EXPERIMENT

TMPCC  ODC-MPCC

Lisippie [A] - 2.4776 1.3079
Iosipple [A]  2.8144 1.5189
Iosipple [A] - 2.7861 1.5066

adopts two voltage vectors with optimal duty ratio to track the
current reference, while TMPCC uses only one voltage vector
in one sampling period.

Torque
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Steady-state operation by experiment. (a) w = 1.0 p.u. (b) w = 2.0 p.u.

VI. CONCLUSION

In this paper, in view of the load features of high-altitude ven-
tilator, ODC-MPCC of induction motor with EMSCO has been
proposed and verified by simulation and experiment. First, the
speed reference is obtained from flow tracking control strategy.
Second, the field current reference and torque current refer-
ence are computed by the algorithm of EMSCO. Finally, ODC-
MPCC is put forward to track the stator current. The results
shows that the EMSCO algorithm can ensure the operation with
minimum stator current magnitude when the load torque is small
at any speed. Compared with TMPCC, the ODC-MPCC algo-
rithm not only ensures fast response of stator current reference,
but also reduces current ripple and computation burden. How-
ever, it will be the topic for future work to improve the robustness
of the algorithm to the parameters of induction motor.
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