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Abstract: In this paper, a speed-sensorless finite control set-model predictive current control
method is proposed based on an adaptive full order observer. The control system features sim-
plicity and low cost because of no requirement for speed measurement, modulator and tuning of
weighting factors. In most sensorless based schemes, the motor is assumed to be started from
standstill. There is limited research considering starting a free running motor with unknown rota-
tional direction and speed. To start a free-running induction motor (IM), the feedback gain matrix
is designed to guarantee the convergence of estimated speed to actual speed even with incorrect
initial value. To improve the efficiency, amplitude of flux is adjusted along with load condition.
The presented results show that the proposed method is able to smoothly start an IM with unknown
initial speed and work well over a wide speed range. The effectiveness of the proposed method is
verified by both simulation and experimental tests on a two-level inverter fed IM drive platform.

NOMENCLATURE

Symbols

() Current Vector

Uu Voltage Vector

(0 Flux Vector

L, R Inductance and resistance
w Angular frequency

T Time



Ji Imaginary component of a complex variable

S5 Laplace operator

A Difference

e Error

T Filter time constant

0 Angle

Subscripts

S, m, T Stator, mutual, and rotor

d, q d-axis and g-axis in rotor flux reference frame
Superscripts

ref Reference value

A

Estimated value

k kth instant

1. Introduction

Finite control set-model predictive control (FCS-MPC) has been developed as a viable high perfor-
mance control method for motor drives and converters. Due to its simplicity in concept, constraint
handling and simultaneous control of different objectives, FCS-MPC has attracted much attention
recently [1-7]. It is shown that the performance of FCS-MPC is comparable to or better than that
of some well established methods, such as field oriented control (FOC) [2, 8] and direct torque
control (DTC) [9].

Similar to DTC, the available voltage vector is directly selected in FCS-MPC and thus no mod-
ulator is required. For FCS-MPC, the best voltage vector is determined by solving an online
optimization problem. While for DTC, it is selected from an offline designed heuristic table. The
vector selected from FCS-MPC is better in satisfying control objectives since the most suitable
one is selected in theory. Additionally, as the future variation of concerned control variables can
be predicted in FCS-MPC, the dynamic error can be corrected in advance before it occurs. Due to
the effort from many researchers, FCS-MPC has been successfully applied to achieve high perfor-
mance control of different types of motors and converters [10, 11].

Generally, flux amplitude and torque are both controlled in high performance motor drives.
Thus, a proper weighting factor is required in conventional predictive torque control (PTC) to
achieve simultaneous control of these two variables, because they are different in both unit and



magnitude [12]. As the weighting factor is usually adjusted based on simulation and experimental
tests, it is not suitable for general purpose applications. To address this problem, methods such
as ranking based approach [3], online optimization via minimizing torque ripple [13] and model
predictive flux control [14,15], etc. have been proposed. However, due to high nonlinearity of FCS-
MPC and AC motor, the exact relationship between weighting factor and the control performance
is still not clear and further research is required.

To obtain the information of unmeasured states in practical application, various observers have
been designed and employed in predictive control. In [16], the observer with sliding mode feedback
gains is designed based on H-inf method to reduce the impact of parameter variation. In [17, 18],
improved performance is obtained in five-phase IM drive by incorporating a rotor current observer.
The poles of observer are allocated based on Butterworth filter design. In [19], Kalman filter and
Luenberger observer are investigated to construct unmeasured rotor variables for achieving better
performance. To improve the robustness of the controller, a disturbance observer is employed
in [20]. For speed sensorless operation, an inherently encoderless observer is applied in [21] to
remove the disturbance produced by inaccurate speed.

In this paper, an adaptive full order observer (AFO) [22,23] is employed to achieve speed sen-
sorless operation of FCS-MPC. Due to the feedback of current estimation error and its adaptability
to the variation of motor parameters, AFO has good accuracy over a wide speed range. In the ex-
isting literature, AFO are mainly investigated related to stability and robustness against parameter
variation. In [24], the feedback gain matrix is designed to stabilize the observer in regenerating
mode during low speed operation. The stability of simultaneous estimation of rotor speed and sta-
tor resistance is further analyzed in [25]. To obtain desired performance under different operating
conditions, a set of feedback gains is adopted in [23]. To address poor accuracy with low sampling
frequency and the risk of stability at high speed operation in discrete-time implementation, differ-
ent discretization methods are studied in [26, 27] to replace conventional forward Euler method.
However, little research considers starting a free-running motor with unknown rotational direction
and speed. When the motor is running at high speed before being powered by the inverter, the
estimated speed with zero initial value may fail to converge to actual speed if the feedback gain
matrix is not properly designed. The mismatch between actual speed and estimated speed would
result in wrong estimation of motor states and precise control of the motor becomes difficult.

Normally, the motor is assumed to be started from standstill. However, for applications with
large shaft inertia, it is time consuming to wait a free-running motor to stop. Thus, it would be
beneficial for a rotating motor to resume to normal operation after a power interruption, for ex-
ample. This imposes the requirement for starting a motor with nonzero initial speed. When a
position/speed sensor is not equipped, high inrush current may occur, due to large difference be-
tween the rotating frequency of the motor and output frequency of the inverter [28]. To start a free
running motor without a speed sensor, some methods that investigate current or back electromo-
tive force responses can be found in [28,29]. Some of these methods require proportional-integral
(PI) controller to regulate stator current. Some other methods need to inject voltage with variable



amplitude and phase angle based on a modulator. It is clear that these methods can not be simply
used in FCS-MPC due to different way of operation compared with linear controller and the lack
of modulator.

To guarantee the successful start of a free-running motor with an AFO, the convergence of the
estimated speed is investigated based on the estimation error of stator current. And a feedback
gain matrix is designed to ensure the estimated speed can converge to actual speed even if there
is a large initial difference. Furthermore, it is incorporated with finite control set-model predictive
current control (FCS-MPCC) to achieve high performance operation. The reference generation
during the estimation of free-running speed and the shifting to normal operation are well designed.
Both simulation and experimental results show that smooth and quick start of a rotating motor is
achieved by the proposed FCS-MPCC and satisfactory performance can be obtained over a wide
speed range.

In Section 2, mathematical models of IM and AFO are given. Section 3 presents theoretical
analysis of speed convergence condition of a rotor flux based AFO. And a new feedback gain
matrix is derived to ensure that speed estimation can work properly with any initial rotor speed.
In Section 4, detailed implementation of FCS-MPCC with the proposed AFO is introduced. The
simulation and experimental results are discussed in Section 5. Finally, this paper is concluded in
Section 6.

2. Mathematical Model of IM and AFO

2.1. Dynamic Equations of IM

Using stator current %, and rotor flux 1), as state variables, the electromagnetic model of the IM
can be expressed in stationary coordinates as follows.

Sis = _%Uzs + )\Lm(% - jwr)wr + ULLSUS (1)
sty = %“_7:7:8 - (7% — jwr)t,
where,oc =1— L2 /(L,L,),\=1/(L,L, — L?),T, = L./R,, T, = cLs/ (Rs + (L,n/L,)*R,.).
The output torque can be calculated as:
3 Ly .
T, = §an_r¢r @ s ()
where, n,, is the number of pole pairs and ® represents cross product.
Despite that better prediction result can be obtained using more accurate discrete-time model
[7], simple forward-Euler method is still employed in many papers [30,31], owing to its simplicity
and acceptable accuracy when sampling frequency is sufficiently high. Based on forward-Euler



method, the current and rotor flux can be predicted using the following equations.

il =4t T (—§+AL (i —jwk)zbk—I—u—];) 3)
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where, 7. is sampling period.

2.2. Basic Principle of AFO

Based on (1), the AFO can be constructed as

si = A& + Bu, + G(i, — 1,) (5)
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where, * = [ s U, } . The speed can be estimated based on conventional adaptation law as

da\jr . o n
dt (Zs - zs) ® % (9)
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= |5 — | - sin 6. (10)

where, 6 is the phase angle between complex vector @ZA},, and (¢5 — 'ZS) namely
0 = angle(¢),) — angle(i, — ). (11)
In practical applications, a proportional-integral (PI) controller is generally used to obtain w, as
By = (ko + ki /5) ((is i) w) (12)

For better accuracy in digital implementation, the so-called Heun’s method [32, 33] is used to

discretize (5) and the results are show as follows.

&kl =2k 4 T,.(Az* + Bub + G(4, — 1,))

Skl _ kel | Tee A(sk+l _ sk
T =z, + LAz ")

(13)
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3. Analysis of Speed Convergence Condition

To ensure w, always converges to actual speed w,., the derivative of @, shown in (9) should change
the sign along with Aw, = w, — @,.. Namely if (14) holds, w, will always approach to w, when
Aw, is not zero.
) L dw,
sign(w, — @) - > 0 (14)

According to (10), (14) can be equivalently rewritten as
sign(w, — @,) - sign(sind) > 0 (15)

From (1) and (5), the estimation error of stator current and rotor flux can be derived as shown in
the following equations [24].

[ Gl _p| Y Ll | Y (16)
Sew ew 'I,bs
[ g, AL (L — jw,
P=| =9 (z; = jeor) (17)
L T_T: — g2 T + JWr
[0 AL, Aw,
H= 18
0 jAw, ] (18)
Based on (16), transfer function N (s) can be derived as expressed in (19).
P, s% + (h1 + jhy) - s + dy + jdo
N(s) = — = 19
(5) (15 — 1) —j AW, - ALy, - § (19)
R R
hi = (g1, > 4 2
T (20)
hy = (912‘ - Wr) (21
d—i( +£+/\L ) + wr(91i + ALmgai) (22)
1= T gir oL, mY2r wrl91i mY2i
d—i( i+ AL goi) — wr( +RS+)\L ) (23)
2 — Tr g1i mY2i Wr\91r O'LS mY2r

When estimating the free-running speed, torque reference is set as zero, namely the slip frequency
is zero. Hence, the output frequency of the inverter equals the estimated speed w,. According to
(19) and assuming s = jw,, N (jw,) can be derived as:

—@2 + dy — howy, + (&, + da)

N(jer) = AL mor Aw ‘ o




Futhermore, (qu—rz) can be expressed in a different way as shown in (25).

~

e
e/’ = ————(cosf + jsinf) (25)
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Comparing (24) and (25), it can be easily found that the sign of sin § will be the same as the sign
of imaginary part of N (jo,). Hence, the condition (15) can be changed as:

sign(w,) - sign(h10, + da) > 0 (26)

If feedback gain matrix is set as zero, the estimated speed can always converge to w, only when @,
satisfies the following conditions.

27)

It is clear that if motor is rotating at a high speed, w,. can not converge to w, when w, is initially set
as zero. This problem can be solved by setting w, to a sufficiently large value with the same sign
of w,, as can be seen from (27). However, if the motor can rotate at both forward and backward
direction, the rotational direction must be estimated before determining whether @, is set to a
positive or a negative value. To avoid the estimation of rotational direction, the feedback gain
matrix is adjusted so that do = 0. If dy = 0, the condition (26) deduced from (24) can be simplified
as:

hi1 >0 (28)

By solving (28) and dy = 0, a simple gain matrix G is proposed as shown in (29).

_ Re
G = [ BLS ] (29)

With the proposed feedback gain matrix (29), the estimated speed can always converge to actual
speed with any initial value. As only the feedback gain matrix is changed, it is very simple in
implementation.

4. Model Predictive Current Control

4.1. Field oriented control with FCS-MPC

In rotor flux oriented reference frame, stator current can be decomposed into torque component ¢,
and flux component ¢4. Through the control of 7, and 44, flux and torque can be indirectly regulated.
As i4 and i, are two components of complex current vector, no weighting factor is necessary. The
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Fig. 1. Control diagram of speed sensorless FCS-MPCC

whole control diagram is shown in Fig. 1. The reference igef is generated from speed control loop
using a PI controller. Rotor speed and flux are estimated based on the AFO described in Section 3.
Other detailed information of the control diagram will be elaborated below.

Due to the lack of a modulator, there is no smooth output voltage reference in FCS-MPC.
Hence, the estimated speed and rotor flux would contain harmonics using discrete voltage vectors.
To generate a smooth rotor flux position, a phase-locked loop (PLL) with feed-forward speed is
used as follows.

0, = / wedt (30)
We = C:)LPF + Wsi + Weom (31)

where, wy pr is the output of a low pass filter (LPF) of @,, as shown in (32); wy, is slip frequency,
which can be calculated based on i:ff and i;ef ; Weom 18 the compensating term to eliminate the
phase delay in dynamic process.

w
~ — T 32
WLPF s+ 1 (32)
iref
We = ——— (33)
T

When ér is accurately calculated, &rq would be zero. As wypp is the output of a low pass filter,
phase delay would occur during dynamic process and thus 1/}7«(1 would deviate from zero. Hence, a



Fig. 2. Block diagram of PLL

PI controller is used to compensate phase delay as follow.

k com * kz’com AT
e = Tpeom 18 Hicom g (34)

§ Uy

where T/A)r is the amplitude of the rotor flux. The control diagram is shown in Fig. 2, which is
actually a PLL with feed-forward speed. The transfer function of PLL can be derived as :

>

I kpcom -S4+ kicom
R 35
97‘ 32 + kpcom S+ kicom ( )

where 6, is phase angle of 1,[A)r.
The parameters of PI controller can be set as (36) and (37) if a second-order Butterworth-type
filter is assumed.

kpcom = \/iwc (36)
kicom = W? (37)

For simplicity, a fixed w. could be used in practical implementation [34]. Omitting tedious deduc-
tion process, the bandwidth of the closed-loop system (35) is 2.05w,.. To reduce the influence of
low order harmonics, w, 1s set as w, = 31rad/s in this paper.

Considering v, = L,,i4 during steady state, (2) can also be expressed as

3 L2
Te = §an_Zqu (38)

It can be deduced that, for a constant torque (38), if iq = 1, ig + 22 reaches its minimum value.
Hence, to improve the efficiency, z';ef is set to be equal to the absolute value of 7,. As shown in

(39), the filtered value of 7, is used to reduce noise.

/L;ef — ‘ Zq | (39)
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Fig. 3. Voltage vectors and corresponding switching states of a two-level inverter

f

To prevent saturation and keep a minimum level of flux, i, need to be limited within a range in

practical application, as shown in (40).

(40)

ref Idmin if def < Idmin
g = -poref
[dmax if 14 > Idma:c

To achieve field-weakening operation, /g,,,, presented in (40) should not exceed I, in (41) [35].

Umax 2 .
I, = \/(%Ls> — (014)? 41

where, U4, 1s the maximum fundamental voltage can be obtained. As there is no modulator in
FCS-MPC, it is hard to calculate available U,,,, and it is set as (42) in this paper, which is the
maximum radius of the circle inside the hexagon shown in Fig. 3.

Ve

Umaz =
V3

(42)

After obtaining i/ and ir¢/, the reference of current vector can be calculated in stationary
frame as
il = (i 4 g - alel)ed Ot 2eeTie), (43)

In (43), the phase angle of rotor flux is added by two sampling periods to compensate digital
delay in practical implementation, which is normal for FCS-MPC [36]. In strict sense, i/ and
i;ef at (k + 2)th instant are required. As the sampling frequency is much higher than the cutoff
frequency of low pass filter (39) and the bandwidth of outer speed control loop, igef and igef can be
approximately assumed to be constant within the prediction horizon, i.e. i</ (k+2) ~ izzf (k+1) ~

Lag
ing (k). After obtaining i*/ based on (43), the following cost function can be used as a criterion
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to select the best voltage vector.
J =i — it (44)

To evaluate cost function, the system state at (£ + 1)th instant is first predicted based on (3) and
(4) using the optimal voltage vector selected at (k — 1)th sampling period. Then, the stator current
at (k + 2)th instant is predicted for each feasible voltage vectors. The voltage vector resulting in
minimum J is selected as optimal one.

4.2. Starting a Rotating Motor

In many cases, such as resuming to normal operation after short power interruption, starting a
machine rotated by external load or re-powering after coasting condition of an electrical vehicle,
the motor needs to be started with nonzero speed. During the estimation of free-running speed,
wg and weep, 1n (31) is set as zero. The PI controller for speed regulation is disabled and igef 18
set as zero. izef is set as g4, to minimize the process for building rotor flux. To respond to
both forward and backward rotational direction quickly, the initial value of w, is set as zero. As
analyzed in section 3, the estimated speed w, can converge to actual speed w, with the proposed
feedback gain matrix (29) even if there is a large initial difference. The remaining problem is to
judge whether w, is close to w, and thus the normal operation can be subsequently enabled.

When @, approaches to w,, dw,/dt in (9) becomes smaller. Hence, if the filtered value of
dw, /dt is smaller than a predefined threshold, the estimation of free-running speed is terminated
and normal operation is enabled. As dw, /dt is zero before the control system is activated, a mini-
mum time 7;,,;,, is hold for the estimation of free-running speed to improve the reliability. The flow
chart of the proposed procedure is shown in Fig. 4.

5. Simulation and Experimental Results

5.1. Simulation Tests

The proposed method is first validated in Matlab/Simulink with a two-level inverter fed IM drive.
The parameters of the motor and control system are listed in Table 1. The time constants of low
pass filter shown in (32) and (39) are set as 7; = 5 ms and 7, = 10 ms in the following tests
respectively. The PI controller in (12) for speed estimation is chosen as k,,, = 1, k;, = 80. z'gef is
adjusted based on (39) and the limitation is set as g, = 2A, lgme: = 6A. The minimum time
T'nin for initial speed estimation is 0.05s. The filter time constant 75 and threshold X,,,;, in Fig. 4
are chosen as 73 = 10 ms and X,,,;,, = 10.

Fig. 5 shows the responses of the proposed method when the motor is started from a free-
running speed 1200 rpm. It is seen that the estimated speed w, converges to actual speed quickly.
There is no oscillation or inrush current during starting process. After w, reaches w;,, the normal
operation is enabled and the motor speed is accelerated to the reference speed 1500 rpm. When
14 decreases, i4 decreases accordingly. Hence, the efficiency can be improved during light load

11
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Fig. 4. Flowchart of starting procedure

Table 1 Parameters of IM and control system

Rated power Py 22KkW
DC-bus voltage Uge 540 V
Rated voltage Un 380V
Rated frequency fn 50 Hz
Number of pole pairs N, 2
Stator resistance R, 1.76 Q
Rotor resistance R, 1.29 Q
Mutual inductance L,, 0.158H
Stator inductance L, 0.170H
Rotor inductance L. 0.170H
Maximum stator current [,z 10 A
Control period Ty 50 us

conditions. From the time the control system is activated to the time the speed control loop is
enabled, the whole process takes less than 0.1 second. This test confirms that a free-running motor
can be smoothly and quickly start without speed sensor using the proposed method.

To illustrate the effectiveness of the proposed feedback gain matrix (29), the same tests were
carried out when the gain matrix are selected as zero and ;. With G1, the poles of the observer

12
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Fig. 5. Simulated responses of starting from 1200 rpm to 1500 rpm with the proposed method
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Fig. 6. Simulated responses of starting from 1200 rpm to 1500 rpm with (a) zero gain matrix and
(b) G1

is proportional to the poles of IM itself [37].

f

G, = [ AL, (k2=1)Rs—f (45)
Xom

f = )‘(k - 1)<R3Lr + RrLs) _'_j(l - k)“bv" (46)

where, k is a proportional constant and it is set as k = 1.2 in the test. As can be seen from Fig.
6, the estimated speed can not converge to actual speed in both cases and start of the motor fails.
Hence, the developed FCS-MPCC must work together with AFO based on gain matrix (29) to

achieve smooth and quick start of a free-running motor.

13
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the proposed method

5.2. Experimental Tests

The experimental setup is shown in Fig. 7. The developed scheme is implemented on a digital con-
trol board, which was built based on a Texas Instruments TMS320F28335 digital signal processor.
The deadtime for the inverter is 3 ps. An on-board DA converter is used to get the information of
internal variables. The actual speed is measured through an incremental optical encoder, which is
only displayed on an oscilloscope for comparison. The parameters used in the experimental tests
are the same as those used in simulation tests.

Fig. 8 shows the responses when the machine starts from standstill to 2100 rpm without load.
The recorded curves from top to the bottom are actual speed, estimated speed, torque current 7, and
stator current. It can be seen that the motor accelerates quickly to the reference speed after initial
speed estimation. The estimated speed follows the actual speed well during the whole process,
indicating that the observer and controller work well over a wide speed range.

The proposed method can start the motor not only from standstill but also from a rotating state.
Fig. 9 shows the results when the motor is started from free-running conditions. At the beginning,

14
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Fig. 9. Starting from free-running state with (a) forward speed and (b) backward speed based on
proposed method

the motor is steadily rotating at 2100 rpm and -2100 rpm as shown in Figs. 9a and 9b respectively.
Then, the power is turned off and the rotor speed decreases gradually due to the friction load.
After a moment, the controller is re-activated. For a direct comparison, the zero position of actual
speed and estimated speed is set the same in this test. It is clear that, the estimated speed can
respond for both rotational directions quickly. No obvious oscillation and inrush current can be
observed during starting process. After the estimation of initial speed, the rotor speed is quickly
re-accelerated to original reference. The estimated speed almost coincides with the actual speed,
showing good accuracy during dynamic and steady operation.

However, if feedback gain matrix is set as zero, the estimated speed can not converge to actual
speed if the motor is initially running at a high speed, as shown in Fig. 10. It is seen that when
the rotor speed decreases to a smaller value which is close to estimated speed, the motor states can
still be estimated and the motor can be precisely controlled again. However, if there is a large shaft
inertia, it would be time consuming to wait for the motor to stop. While with the proposed method,
the motor can be started without speed sensor even at a high rotating speed.

Fig. 11 shows speed reversal from -2100 rpm to 2100 rpm. The motor speed quickly decelerates
to zero and then accelerates to the reference. The zero-crossing of speed is relatively smooth
without obvious chattering. This test confirms that the observer and controller works well during
dynamic processes with variable speed.

The robustness against external disturbance is also tested. The responses of actual speed, torque
current 7,4, flux current 74 and stator current are plotted in Fig. 12. At the beginning, the motor is
controlled at 1500 rpm without load. After a moment, an external load is suddenly applied and
then released. The rotor speed drops slightly and returns to its reference quickly when the load is
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Fig. 13. Current waveform and spectrum at 750
rpm with 14 Nm load torque

applied, showing good robustness against external load disturbance. It is also clear that ¢4 varies
along with 4,4, as expressed in (39). When the external load decreases, i, is also decreased. This
can help to improve efficiency during light load condition.

Fig. 13 shows steady state performance at w, = 750 rpm when 14 Nm external load torque is
applied. It can be seen that stator current is sinusoidal with total harmonic distortion as 3.032%.
The torque current ¢, is well controlled and its mean squared error (MSE) is 0.2367 A.
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6. Conclusion

In this paper, a speed-sensorless FCS-MPCC based on AFO is proposed. The convergence condi-
tion of speed estimation is analyzed and a feedback gain matrix is proposed to make the controller
capable of starting a rotating motor with unknown rotational direction and speed. Detailed im-
plementation of FCS-MPCC combined with AFO based on the proposed feedback gain matrix is
illustrated.

The developed method presents good dynamic performance against load disturbance. The re-
sponses during speed reversal and starting processes are satisfactory. Additionally, motors rotating
at a high speed can be smoothly and quickly started without the use of a speed sensor. The whole
control system has the merits of simplicity, low cost and fast dynamic responses, which can be
easily accomplished with a proper DSP. Hence, the presented scheme is suitable for industrial
applications. Simulation and experimental results on a 2.2-kW IM drive platform confirm the
effectiveness of the proposed method.
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