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A speed estimation scheme using the flux observer is presented for a flux-vector-controlled
(FVC) interior permanent magnet synchronous motor (IPMSM) drive. The decoupled FVC
IPMSM drive was established using the current and flux of the stator, and the Hall effect current
sensors were used to acquire the three-phase stator current from the IPMSM. The speed
estimation scheme based on the flux observer was developed in accordance with Lyapunov
stability theory, and the observer gain matrix was designed using the artificial bee colony (ABC)
algorithm. MATLAB\Simulink® toolbox was used to simulate this system, and all the control
algorithms were realized by a TI DSP 6713-and-F2812 micro-control card to validate this
approach. Simulation and experimental results confirmed the effectiveness of the proposed
approach.

1. Introduction

Reducing carbon emissions and saving energy are important issues for taking care of the
living environment and protecting natural resources. Replacing fuel-powered vehicles with
electric vehicles can effectively reduce carbon emissions and significantly reduce energy
consumption in transportation. The development of electric vehicles can effectively reduce
carbon emissions and greatly lessen energy consumption. The interior permanent magnet
synchronous motor (IPMSM) has the advantages of high torque-to-inertia ratio, high power-to-
mass ratio, high power factor, high efficiency, and small volume compared with other types of
motors, making it a suitable electric vehicle actuation motor. A flux vector control method
makes an IPMSM drive similar to a separately excited DC motor drive to realize independent
control of torque and flux. According to the flux vector control theory,() through coordinate
transformation, the three-phase currents of an IPMSM can be distributed into the flux-current
and torque-current components, both of which are orthogonal and can be independently
controlled to achieve the maximum torque-to-current ratio. The implementation of a traditional
flux-vector-controlled (FVC) IPMSM drive requires a position sensor, such as a digital encoder
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or an analog resolver, to detect rotor position. However, this sensor reduces the drive robustness
and is unsuitable for hostile environments. Therefore, developing a speed estimation FVC
IPMSM drive in place of the traditional one is necessary. Some speed detection methods for
FVC IPMSM drives are published in the literature: speed prediction by the high frequency signal
injection method,*=) speed identification based on the back electromotive force (EMF) of the
motor,®) speed adaptation by the flux estimator,(!12 and speed estimation using adaptive
control theory.(3716) In our research, the decoupled FVC IPMSM drive was established using the
current and flux of the stator, and the measured stator current signals were obtained from an
IPMSM using the electromagnetic Hall effect current sensors. A flux observer speed estimation
scheme was developed on the basis of Lyapunov stability theory, and the observer gain matrix
was designed using the artificial bee colony (ABC) algorithm. These approaches guaranteed the
development of a promising speed estimation FVC IPMSM drive.

This paper comprises six sections. In Sect. 1, we present the research background and
motivation, and review the literature on speed estimation methods for FVC IPMSM drives. In
Sect. 2, the decoupled FVC IPMSM drive system and linear controller design are described. The
details of the design of the flux observer speed estimation scheme on the basis of Lyapunov
stability theory are given in Sect. 3. In Sect. 4, we explain the observer gain matrix design using
the ABC algorithm in detail. Sections 5 and 6 cover the simulation and experimental results,
discussion, and conclusions.

2. Decoupled FVC IPMSM Drive

The two-axis stator current state equations of an IPMSM in the synchronous reference
coordinate frame are given by(!7)

pl; = _(Rs /Ld )l;s + a)e (Lq /Ld )i;s + (I/Ld )v§s7 (1)

piy ==(R,[L))i; — (L, [L )iy, = 0, (/L) A, + (/L )vy, ©)

.€

where p = d/dt is the differential operator; j stands for the imaginary part; i, and i, v, and vj
are the d-axis and g-axis current and voltage of the stator, respectively; L, and L, are the d-axis
and g-axis stator inductance, respectively; R; is the stator resistance; A is the equivalent rotor
magnet flux produced by the permanent magnet of the rotor; and w, is the speed of the
synchronous reference coordinate frame.

An examination of Eq. (1) shows that the second term on the right side is a coupling
component related to the g-axis stator current. An examination of Eq. (2) reveals that the second
and third terms on the right side are the coupling components in relation to the d-axis stator
current and rotor magnet flux, respectively. On the basis of these coupling components, the
d-axis and g-axis stator voltage feed-forward compensations are defined as
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vcjs_cp = _a)e (Lq /Ld )i;sﬂ (3)

Ve o,(L, [L)ig +o,(/L)A,. @)

qs_cp =

Hence, the d-axis and g-axis linear stator current state equations are decoupled from Egs. (1)
and (2) to Egs. (5) and (6)

pig, =R, [L)is, +(/ L)V, ©)
pis, =—=(R [L)ic +(1/L )V, 6)

where vjé and v; are the outputs of the d-axis and g-axis stator current controllers, respectively.
The voltage commands of the d-axis and g-axis stator current control loops are expressed as

& e e

Vas = Vg + vdsicp’ (7)
& e e

Ve = Ve HVos o ®)

where v, and v; are the voltage commands of the d-axis and g-axis stator current control loops,
respectively. The generated torque of an IPMSM is derived using

T, = (3P/4)(/lfijs +(L, = L)y, )

qs

where P denotes the IPMSM pole numbers. In Eq. (9), the first term on the right side is an
electromagnetic torque and the second term is a reluctance torque. The reluctance torque is the
additional generated torque of an IPMSM over the surface-mounted permanent magnet
synchronous motor. The mechanical equation of the motor is obtained as

where J,, and B,, respectively are the motor inertia and the viscous friction coefficient, 7; is the
load torque, @, =(2/P)®, is the mechanical speed of the motor rotor shaft, and w, is the
electric speed of the rotor.

On the basis of Egs. (5) and (6), the plant transfer functions of the d-axis and g-axis stator
current control loops are respectively derived as
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where s is the Laplace operator. The bandwidth of the inner stator current control loop is much
higher than that of the outer speed control loop. In accordance with Eq. (10), the plant transfer
function of the speed control loop is given by

1 J,,

G §)=—tom
pispeed( ) S-l—Bm/Jm

(13)

Figure 1 illustrates the decoupled control block diagram of the FVC IPMSM. Here, (K, Kjy),
(Kpa> Kig), and (K4, K,,,) are the proportional and integral gain pairs of the speed controller, and
d-axis and g-axis stator current controllers, respectively. Given that the rotor flux is a permanent

magnet, the d-axis stator current command is set as a value of 0.
3. Speed Estimation Scheme Based on the Flux Observer

In this research, the feedback speed signal of the conventional FVC IPMSM drive is replaced
by an estimation speed. This speed estimation scheme was developed on the basis of the flux
observer.

3.1 IPMSM based on symmetric impedance matrix

Owing to the rotor speed of the IPMSM being its synchronous speed (w,) and based on a
symmetric impedance matrix, Egs. (1) and (2) can also be rewritten as

@, K |10 |41 i;‘ K, |V /L ic |3p T VJ, |@m
O e I e K, +—% e, - " e m R
T s 3P A, _T e s+R,/L, 4 A s+B |J

’ &
Vas 1/ Ld ig

. K
i ik K +—d | ) ——— >
OﬁT—‘ e R

Fig. 1. Block diagram of a decoupling FVC IPMSM drive.
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where ((Ld —Lq)(w,l'; —pl';)Jra),lf) is an extended EMF.(® In the stationary reference
coordinate frame, Eq. (14) is given by

V;S RS+Ldp _a)r(Ld_Lq) l;S . . _Slna
= +((L, — L = pi )+ A :
L‘} L},.(Ld—Lq) Rorp || (k)i -pi)re) cosg, | 17

qs qs

where 6, is the rotor position. In the steady state, the extended EMF is proportional to the rotor
speed. Equation (15) can be also rewritten as

iy | -1 R, o (L,—L)||i, | 1]|v,+ol;
p| . =—{ | R e e (16)
lqs Ld 0, (Ld - Lq ) RS lqs Ld vqs - a)r/l_ fd

where A, and A, are the d-axis and g-axis equivalent rotor magnet flux produced by the
permanent magnet of the rotor in the stationary reference coordinate frame, respectively.

3.2 Lyapunov stability theory design flux observer

The state matrix of [PMSM expressed by the stator current vector and rotor flux vector in the
stationary reference coordinate frame is

;s _&_a)r(l’d_l’q) _ﬂ Z’S L
pl:—s— }: L, L, L, |:—g»:|+ L, |v; 17)

LA

T - ) N VAR
i qS] is the stator current vector, 4’ = [/1; A ] is the rotor flux vector,

Ts [ s
where i’ = [zds o

— T . .
V) = [vjs V;S] is the stator voltage vector, and [+]” stands for matrix transpose. In accordance

with Eq. (17), the dynamic equations of IPMSM are expressed as(!”

x=(A+m. A )x+ Bu, (18)

y=0Cx, (19)
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qs qr 0
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Wherexz[zds A, A J,Az L, , A = L, L~ B=|—I O],
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On the basis of Eq. (18), the estimation state equation of IPMSM is derived as

X=(A+d A)Z+Bu+K(H-y), (20)

where K is a gain matrix. Subtracting Eq. (20) from Eq. (18), the estimation error is given by

é=(4+w A +KCle+Aw A X, 21

where e = x — X and A®, = @, — @,. Define the Lyapunov function as(®)

V=(e, Aw)=e" He+B%) (22)

2

Vo

where H is a symmetric positive definite matrix, and y,, > 0 is a constant. Then, by differentiating
Eq. (22), the time derivative of the Lyapunov function is acquired as

V=e"[(A+KC) H+H(A+KC)+o,(A H+ HA,)le
2N, do, 23)
y, dt

+Aw,[X" A He+e" HA x]-

In accordance with Lyapunov stability theory,?? set H and K to confirm that Eq. (24) and
inequality Eq. (25) are valid; then Eq. (23) is negative definite.

Ao [ A He+e" HAx]=(2A®, [y, ) (dd, /dt) (24)
(A+KC)Y'H+H(A+KC)+ o, (A H+ HA)<0 (25)

Hence, Eq. (21) is asymptotically stable, and the established flux observer is also asymptotically
stable. On the basis of Egs. (23), (24), and (25), the adaptive law is selected as

9O, _ o7 3. (26)
dt
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In accordance with Eq. (26), the estimated rotor speed is derived as

aA)r = Kpn (eTHAa‘)’é) + l Kio (eTHAo‘x)’ (27)
S

where K, and K;, are the adaptation gains.

The established FVC IPMSM drive using the flux observer speed estimation scheme is
displayed in Fig. 2. Here, the speed difference between the rotor speed command (a):) and
estimated rotor speed (@,) is employed in the FVC IPMSM drive, and via a coordinate
transformation, the two-axis synchronous reference frame is transformed to the three-phase
stationary reference frame (2° = 3°) to acquire the three-phase command voltage (v,, vp, and v,)
and then to trigger the voltage source inverter to actuate the IPMSM. The stationary coordinate
reference frame stator current (l:S) and voltage (V) are respectively obtained from the
synchronous coordinate reference frame stator current (1:") and voltage (V.) by the coordinate
transformation of the two-axis synchronous reference frame to the two-axis stationary reference
frame (2° = 2%). The current difference between the estimated current (l:S) and measured
current (Z:S) of the stator is tuned by the observer gain matrix (K) to identify the estimated rotor
speed. Moreover, Z;e is acquired from the IPMSM using the Hall effect current sensors and via
the coordinate transformation of the three-phase stationary reference frame to the two-axis
synchronous reference frame (3° = 2°).

o vﬁ »| Voltage
= s e s v
FVC IPMSM Drive 1 »2° = 3 Vf » Source
y ™ Inverter
I 25 =27
X 5
| N "Ls_w__________ﬁ
|
Rs a)l (Ld _Lq) a)r 2y 1 & |
- I —l s TN
=| L, L, L, [QS]+ L, |v; +K(@’ —i’)|
0 o, r 0 :
|
) |
) — o
Lg K | (—0) U3 i
_____________________________ g 2°¢ «— 3°le ° ©
Flux Observer B D)
L N
A

Fig. 2. Speed estimation scheme using the flux observer.
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4. Observer Gain Matrix Design Using ABC Algorithm

The ABC algorithm was used to design the observer gain matrix because of its fast
convergence, few setting parameters, and a wide search range. The ABC algorithm is one of the
swarm intelligence and global optimization algorithms that imitates the behaviors of bee
colonies. The ABC algorithm consists of hired, onlooker, and scout bees, which collectively
attempt to find the largest nectar source in terms of the amount of nectar.2) Hired bees are
linked to a specific nectar source, and when the nectar source is depleted, hired bees turn into
scout bees. Onlooker bees transmit information and select a nectar source on the basis of the
information. Scout bees search for nectar sources randomly. During the iterative process, each
hired bee searches for the adjacent area of the identified nectar source. Depending on the
abundance of the nectar source, using the roulette wheel selection allows the bees to collect
nectar. If the nectar source has not changed after several updates, then it is exhausted and
discarded. Figure 3 shows the flow chart of the proposed ABC algorithm observer gain matrix
design.

Initialize
parameters

Randomly Onlooker bees find
produce nectar the best path
Scout bees

Start iteration  |4——

search for nectar

no

Find nectar? Convergence?

Scout bees inform | HO Obtain best
Onlooker bees solution

Fig. 3. Flow chart of the proposed ABC algorithm observer gain matrix design.
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Figure 4 shows a block diagram of the proposed speed estimation FVC IPMSM drive using
the flux observer, which includes a speed controller, g-axis and d-axis stator current controllers,
d-axis and g-axis stator voltage decoupling, coordinate transformation between the two-axis
synchronous reference frame and two-axis stationary reference frame (2°= 2°, 2°<«<2"),
coordinate transformation between the three-phase system and two-axis stationary reference
frame (2° = 3, 2° <=3), and the flux observer speed estimation scheme. In this system, the
speed controller and d-axis and g-axis stator current controllers were designed using the root
locus and Bode plot. The observer gain matrix design was used in the ABC algorithm.

Furthermore, the three-phase currents (i, i5, and i.,) were obtained from the [IPMSM using the

ass
Hall effect current sensors that completed the coordinate transformation from three-phase

reference frame to two-axis stationary reference frame (2° <= 3).
5. Simulation Setup and Results

A three-phase, 220 V, 1.5 kW, Y-connected IPMSM serves as the controlled plant for
experimentation to confirm the effectiveness of the developed speed estimation FVC IPMSM
drive using the flux observer. In a running cycle, the speed command is designed as follows:
forward direction acceleration from =0 to ¢t = 1 s, forward direction steady-state running over
1 £ ¢ <4 s, forward direction braking to reach zero speed in the interval 4 < ¢ < 5 s, reverse
direction acceleration from =5 to ¢ = 6 s, reverse direction steady-state running over 6 <t <9 s,
and reverse direction braking to reach zero speed in the interval 9 <7< 10 s. Furthermore, in the
running cycle, a load of 2 N-m is loaded during 2 < ¢ <3 s in the forward direction steady state,
and 7 < < 8 s in the reverse direction steady state, respectively.

(@, /L) Lyig +2)

+ v,
3 Z, 4 i¢ K. | v 4s_cp
—»( K, +—— > L)l K, +— 2 1 »()
t X s 3PA, | +§ " o
_ _ — Ve & .
& e —i( @, /LT i > V“r
" “ s |22 . 2" = 3+—2pf Inverter
" +l Vi o Vs Vs > v: |
ig =0 K. | Va 3 Yy »
—+>O K, +T" >
_ 61
ig,
‘ i i(YS
e Y
ie|2 =2 ’ i 2' =3« : 4.)
9 <
B Flux e P
2 4] <
- [ Observer p —
Note: .) Hall effect
(ABC Algor]thm) current sensor

Fig. 4. Speed estimation FVC IPMSM drive using the flux observer.
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Figures 5 and 6 present the simulated and measured responses with 2 N-m load for reversible
steady-state speed commands at 500 rev/min. Each figure contains six responses: (a) command
(dashed line) and estimated (solid line) rotor speed, (b) command (dashed line) and actual (solid)
rotor speed, (c) g-axis stator current, (d) electromagnetic torque, (¢) flux position angle, and (f)
rotor flux locus (g-axis vs d-axis).

According to the simulated and experimental responses, an accurate estimation of rotor
speed based on the flux observer was achieved. The circular rotor flux locus and sawtooth flux
position angle that confirmed the synchronous position angle (6,) can be accurately obtained for
implementation in the coordinate transformation between the stationary reference synchronous
reference frames. Promising responses for the electromagnetic torque and g-axis stator current,
including the reversible transient and steady state, are also effectively realized. Hence, the
developed FVC IPMSM drive using the flux observer speed estimation scheme has been shown
to have acquired the desired performance.
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Fig. 5. (Color online) Simulated responses of the proposed FVC IPMSM drive using the flux observer speed
estimation with a 2 N-m load for a reversible steady-state speed command of 500 rev/min: (a) estimated rotor speed,
(b) actual rotor speed, (c) g-axis stator current, (d) electromagnetic torque, (e) flux position angle, and (f) rotor flux
locus.
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Fig. 6. (Color online) Experimental responses of the proposed FVC IPMSM drive using the flux observer speed
estimation with a 2 N-m load for a reversible steady-state speed command of 500 rev/min: (a) estimated rotor speed,
(b) actual rotor speed, (c) g-axis stator current, (d) electromagnetic torque, (¢) flux position angle, and (f) rotor flux
locus.

6. Conclusions

A speed estimation scheme using the flux observer was developed for a FVC IPMSM drive.
The decoupled FVC IPMSM drive was established using the current and voltage of the stator.
Lyapunov stability theory was used to design the flux observer speed estimation scheme, and the
observer gain matrix design was used in the ABC algorithm. The three-phase stator currents for
implementing the FVC IPMSM drive using the flux observer speed estimation scheme were
provided by the Hall effect current sensors. Simulation and experimental results for reversible
steady-state speed commands under a load condition confirmed the promising performance of
the proposed FVC IPMSM drive using the flux observer speed estimation.
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