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Abstract—This paper presents a small film capacitor inverter-
based induction motor control approach to enhance with reliability
and power density of three-phase variable speed drive applica-
tions. A robust hybrid motor controller is developed to prevent
performance degradation caused by the electrolytic capacitor-less
inverter fed by front-end diode rectifiers. The structure of the con-
troller combines a model-based controller (MBC) and a hexagon
voltage manipulating controller (HVC). The MBC determines the
command output voltage with the intersection of the torque and
rotor flux linkage command. In the HVC mode, the command volt-
age vector is determined simply by the torque command and the
hexagon-shaped inverter voltage boundary. Successful application
of the control approach is corroborated by a graphical and ana-
lytical means that naturally lead to a single voltage selection rule.
This paper also examines the operation sensitivity under motor
parameter drifts to determine how to decouple its effect using a
voltage disturbance state-filter design.

Index Terms—Front-end diode rectifiers, hexagon voltage ma-
nipulating controller (HVC), model-based controller (MBC), small
film capacitor inverter, three-phase variable speed drive.

1. INTRODUCTION

N low-cost three-phase variable speed drive applications,
I such as heating-ventilating-air-conditioning (HVAC) sys-
tems, diode rectifiers are commonly used as the front-end cir-
cuit for nonregenerative ac—dc conversion because of their lower
cost and higher reliability [1]. In these types of low-cost ac drive
systems, aluminum electrolytic capacitors are commonly used
to balance the difference between the instantaneous input and
output power as well as suppress the voltage spikes caused by
leakage inductance and switching operations, as shown in Fig. 1
[2], [3]. On the other hand, the dc-bus capacitor is not only bulky
and heavy but it is also one of the least reliable components on
various power electronic topologies. Furthermore, the parasitic
lead inductance can cause voltage spikes, which are a major
factor in the failure of power electronic devices.

A failure survey of switch mode power supplies reported that
electrolytic capacitors are responsible for more than half of the
breakdowns of an inverter [4]. Therefore, there is increasing
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Fig. 1. Three-phase diode rectifier and PWM inverter for IM drive.

interest in the monitoring lifetime of electrolytic capacitors for
reliable and safe operation [4]—[7]. On the other hand, offline
monitoring techniques [4], [5] require additional measurements
as well as a priori data for the reference model, which makes
monitoring process complicated and difficult. A previously re-
ported online method [6] for estimating the capacitance cannot
be applied to inverters fed by diode rectifiers.

In this regard, a range of regenerative converters and con-
trol methods have been proposed in order to minimize or re-
duce these passive components on a dc bus. The focus of
most studies has been on how to reduce the dc-bus capacitor
of three-phase pulse width modulation (PWM) rectifiers and
single-phase diode rectifiers [7]-[11]. All previous studies were
equipped with a conventional closed-loop current controller to
regulate the air-gap torque and flux linkage of ac motors. How-
ever, instantaneous current control in a small dc-bus capacitor
inverter with the diode rectifier front-end is not straightforward
because the dc-link voltage and output power to the motor
decrease periodically due to the absence of energy storage.
This rapid dc voltage reduction drives the motor to be oper-
ated frequently in the field-weakening region below a based
speed. Therefore, the current control strategy becomes more
complicated under voltage-limited conditions because multiple-
objective subcontrollers, such as field-weakening, antiwindup
control, and overmodulation scheme, should be designed care-
fully based on the complex tradeoff between the subcontrol
actions and current control dynamics [12], [13]. Furthermore,
realization of the maximum voltage utilization fails because a
circular voltage limit is considered an operation boundary in-
stead of a hexagonal limit [8].

This paper presents a position sensorless vector-controlled
induction motor (IM) drive system integrated into HVAC ap-
plications. The motor power is supplied by a small dc-link film
capacitor inverter fed by a three-phase diode front-end recti-
fier. A PI motor-current-regulator-free control strategy is pro-
posed to meet the aforementioned challenges by combining
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Fig. 2. Proposed IM control strategy for small capacitor inverters.

a model-based controller (MBC) and a hexagon voltage manip-
ulating controller (HVC). The MBC finds the command output
voltage with the intersection of the torque and rotor flux linkage
command. In the HVC mode, the command voltage vector can
be determined simply by the torque command and the hexagon
voltage boundary. The MBC is performed under nonlimited con-
ditions and motor control is handed automatically over to the
proposed HVC in the voltage shortage region. These voltage se-
lection rules allow for the choice of an objective voltage vector
in the absence of PI control gains, subcontrollers, and observers
for closed-loop control. The control strategy was implemented
on a 1.5-kW IM drive that was equipped with a 20-uF film
capacitor to confirm its feasibility.

II. MOTOR CONTROLLER DESIGN WITH SMALL DC-LINK
CAPACITOR INVERTER

A. Design and Analysis of a Motor Controller

Fig. 2 shows a block diagram of the proposed control strategy
for an IM using a complex vector representation. Here, v, .. and
Vi, are the stator voltage commands in the abe-reference frame
and the synchronous reference frame, respectively, and V. de-
notes the measured dc-link voltage. When starting (Mode 1),
the scalar Volts/Hz or V/f open-loop control is introduced to
avoid the lack of observability of the motor back-EMF voltage
at low speeds. This feature permits the drive system to satisfy
the starting speed requirement of the back-EMF tracking-based
position sensorless operation, of which the threshold begins in
the vicinity of 10% of the rated speed. The control authority
is then handed over to model-based control (MBC, Mode II)
or hexagon voltage manipulating control (HVC, Mode III), de-
pending on the amount of available dc-link voltage.

The motor stator voltage and flux linkage equation can be
expressed using a complex vector representation:

e =R se L digqs J L.i¢
Vigs = 1ls1jgs + ol at + Jweo sligs
Lm d)"celqr +JLiw e (1)
L. dt L, rdar
where ij . is the d—g axis stator current vector in the syn-
0-1 . .
chronous reference frame, J = 101’ Ry is the stator resis-

tance, w, is the synchronous angular velocity, o L is the stator
transient leakage inductance, and Aj , represents the d—q axis
stator and rotor flux linkage vector. L,, and L, represent the

magnetizing and rotor inductance, respectively.
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At the steady state, the motor air-gap torque and the rotor flux
linkage of the rotor flux-oriented-controlled (RFO) IM can be
expressed as

T, = g% i At (2a)
g =2 Ly ig, (2b)
where P is the number of poles.
The stator voltage equation can be also simplified as
vgs = Rsig, —weo L, (3a)
vys = Ryig, +we Lgig,. (3b)

By combining (2a), (2b), (3a), and (3b), the torque and rotor
flux linkage command can be obtained as a function of the rotor

speed:

3PL v — Rgi5"

T = 2 m}\’e* ds S ds 4
¢ 22 L, dr( —weoLg ) @)
Nt

- m

dr We LS

&)

Fig. 3(a) presents a graphical representation of the torque and
rotor flux between (4) and (5) in the synchronously rotating dg
volt plane. The desired torque of (4) forms a vertical line in the
complex dq plane and is shown in blue. The rotor flux linkage
line is shown in red, which is parallel to the d-axis.

When the voltage solutions remain within Vg / V/3 (circular
voltage boundary), which is called the MBC operation, they
become feasible voltage vectors at the next sampling time. The
stator voltage command vg; . ;¢ can be obtained simply as

T*
ex — e -
Vgs MBC = —Wwe0 Ly 3P Luyer + Ryig, (6a)
2792 L, Mdr
AGY
Vs MBe = WelLs = + Ryigy. (6b)

q
L m

Fig. 3(b) shows a zoomed view of the stator voltage solutions
between (6a) and (6b) in the dg volt plane. At low speeds, the
d-axis voltage solution v} \ipc 18 positive because the stator
resistance drop is dominant. As w, increases, vjj; yipc shifts to
the left half-plane. On the other hand, the g-axis voltage solution
vy vpc of (6b) shifts downward along the g-axis direction as
the flux decreases at a certain rotor speed or the rotor speed
decreases for a given flux.

The motor speed elevation or the dc-link voltage reduction
drives vi: . \ipc to approach Vi./ V/3. Once Vigs Mpe hears
the circular voltage boundary, the control switches to the pro-
posed HVC that generates the desired air-gap torque as closely
as possible, while simultaneously regulating the flux linkage
magnitude under a field-weakening operation.

In practice, the MBC dominates the control action at low
speeds, whereas the HVC operation dominates at high speeds.
In this sense, it is reasonable to assume that the stator resistance
voltage drop can be negligible in the HVC mode, which does
not jeopardize the motor control performance. Therefore, in the
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HVC mode, the stator voltage equation can be simplified as
ojy

vy =2 we Lgigyg. 7

- %
—weoLy Tys

Combining (2a) and (7) provides a command torque equation
with respect to the d—g command voltage as follows:

ex*
Vds

3PL? f vel
T = m qs 8
¢ 22 L, (—weoLs> (weL5> ®)

where the torque command trajectory forms a hyperbolic curve
in the dg volt plane.

Fig. 4 gives a schematic representation of the stator volt-
age solutions between the torque curves and rotating hexagon,
which shrinks with the inverter dc-bus voltage. In the proposed
HVC method, the intersection (marked as a black dot) of the
torque line and the shrinking hexagon becomes the command
voltage vector at the next sampling instant. The boundary of
each rotating hexagon sector can be modeled as a straight line
in the dg volt plane as follows [12]:

ve, (k) = M, vy, (k) + B, 9)

qs

where M,, and B, are constant values given by the boundary
of each hexagon sector.
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The corresponding hexagon boundary (shown in blue) and
the torque command curve of (9) can provide two possible sta-
tor voltage solutions that produce the desired output torque, as
shown in Fig. 5. Here, the command voltage vector vy . is cho-
sen as a feasible solution because it is the only voltage to satisty
the desired stator flux magnitude. A selected voltage vector at

the intersection can be uniquely expressed as

o —B, + /B2 —4M,~v
Vis_nve = oM (10a)
n
Vgsnve = M vz nve + B (10b)
where v = ”LT*} Using this algorithm, the motor

22 Lr w2LsolLs
torque is regulated around a desired torque line in the presence

of rapid voltage variations.

How the HVC performs the field-weakening operation during
the inverter voltage reduction period should be investigated. As
shown in Fig. 4, the possible voltage solutions for a given com-
mand torque trajectory are determined on the rotating hexagon
with the dc-link voltage fluctuation. The voltage solution nat-
urally moves to a downward g-axis direction (from vy, to
Vi,s4) as the hexagon shrinks. The voltage vector vi,  , has a
lower g-axis voltage component than that of vg ;. It can be
noticed from (7) that v gsd leads to the decreased d-axis current
which causes a lower flux linkage at a given rotor speed. This
suggests that an automatic field-weakening operation and maxi-
mum voltage utilization can be achieved simultaneously without
requiring an extra control function. In addition, a rapid mode
transition between MBC and HVC is possible without control
manipulations because no integrators are involved for motor
air-gap torque regulations. This feature is beneficial to small
capacitor inverter applications that are subject to an unexpected
grid voltage dip, frequent dc voltage fluctuation, and variable dc
voltage ripples resulted from the grid-side impedance.

B. Compensation of Effects of Parameter Drifts

In practice, the rotor flux level is not maintained properly in
the MBC and HVC modes because the machine parameters of
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TABLE I
RATINGS AND KNOWN PARAMETERS OF THE IM UNDER TEST

Ratings and parameters Value Unit
Rated power output 1.5 kW
Rated voltage 220 v
Rated speed 1500 r/min
Ry/R,at 25°C 247/ 0.7 Q
L, /oL 134 /12.6 mH

(6a), (6b), (10a), and (10b) drift due to magnetic saturation and
initial errors. The voltage errors of (6a), (6b), (10a), and (10b)
also result in an incorrect actual stator current, which might
result in high copper or iron losses for a given torque condition.
In HVAC applications, the main operation is performed in the
speed range from 50% up to 90% of the rated motor speed.
Fig. 6 shows the stator current deviation trajectories of a tested
IM, as shown in Table I, at 60% of the rated speed and 67% of
the rated torque. The stator resistance error has little impact on
the current deviation at this speed.
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Fig. 7.  State-filter design for decoupling the parameter dependence.

In practical applications, an online compensation for model
errors is believed to be more effective in achieving accurate
motor control. This paper proposes a voltage disturbance state-
filter [14] to decouple the parameter dependence of MBC and
HVC modes. Fig. 7 presents a block diagram of the distur-
bance voltage estimation strategy using a complex vector rep-
resentation in the synchronous reference frame. A familiar
PI-type Luenberger-style model-current observer controller was
adopted to estimate the voltage disturbance resulting from pa-
rameter variations, where the estimated output current i g5 fol-
lows the stator current iy, . Because the command voltage
vector vy, is fed-forward to the observer, the voltage distur-
bance error AVj, ., can be estimated at the output of the ob-
server controller. Here, the stator current has a certain amount
of harmonics with six times the synchronous and grid frequency
due to the manipulated voltage on the hexagon boundary and
fluctuating dc-bus voltage. A resonant-type filter is introduced
to reject these ripple components of i, ., which achieves enor-
mously high gains at resonant frequencies of concern. This
structure can estimate and compensate for voltage deviation
resulting from disturbances and uncertainties [14].
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The estimated disturbance voltage and stator current in the
s-domain are given by as (11) and (12) shown at the bottom
of the page, where K, and K; represent the PI gains. wy ¢,
W _6fe> Weut, and K, represent the grid frequency, concerned
synchronous frequency, 3-dB cut-off frequency, and resonant
filter gain, respectively. In this paper, superscript “*” represents
the corresponding variables are estimated.

Substituting (12) into (11) yields

A s 5 ke L -,
(Rs + soLs + JweoLs)ig, + si—kdw

r

TFey (S)Aogqeﬂ =

ﬁnl
) e ex*
—|—J ~— We dqr _qu,s (133)
L

where

TFctT(S) =1

n Ry + soLy + Jw.oLy (13b)

K,s+K; + K, weyt s K, weyt s '
s s?twentstwp g 52t weutSHWE g4

At the steady-state (s—0), the estimated d—g-axis disturbance
voltage can be obtained by substituting (1) into (13a)

. . . Ly, Ln.,
Adg, p = ARgig, — weAoLgig, — we (im e, - Lr:)‘(}r>
~e e -e ‘i’m Te Lm e
AquD = ARsqu + we Ao Lgig, + we (ir = L—, dr)

(14)
where AR, = R, — Ry and AcLy, = oL, — oLs.

For the RFO IM, (14) can be rewritten as
ARyig, — we Ao Lgig,
AR, ng + we ALgig,

~e o
AUds,D -

Abg, p = (15)
where AL, = L, — L,.

From (15), the inductance values used in (6a), (6b), (10a),
and (10b) can be identified by neglecting the stator resistance
voltage drop

AcL, = _Aﬁ;#
w@zgs
ADE,
AL, = — 2D (16)
Wel s

Fig. 8 shows the simulated compensation results of the pa-
rameter variation effect at 60% of the base speed and 67% of the
load torque. In Fig. 8(a), L was set to be +15% of its nominal
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Fig. 8. Inductance compensation results. (a) +15% A L. (b) +15% A L.

value and (16) was delivered at r = 1 s. After 1 s, the deviation of
the stator current and rotor flux linkage was reduced to almost
zero. The same test was repeated at —15% of AL, as shown in
Fig. 8(b). These test results indicate that the stator current and
rotor flux linkage were controlled precisely against parameter
mismatch because the proposed compensation method provides
a concurrent estimation of the magnetic saturation and initial
error. Therefore, this design can be effective in accurately esti-
mating and compensating for the MBC and HVC modes while
reducing the computational complexity. Fig. 9 presents an over-
all block diagram of the control system augmented to include
the proposed algorithm to compensate for the parameter vari-
ation effects in real time. A simple back-EMF tracking-based
position sensorless method was employed for a motor position
estimation [15].

- .. - Loy » L, -
~e _ e e e m Te m e ex
Avdqu = <Rs1dqs + s0Lsig,s + JweoLsig,, + ST, dgr T JT/ Wehrggr | — Vags

(1)

r r

1

+ K, weyes

A{Iqu,D (12)

Krw, ¢

e e
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III. SIMULATION AND EXPERIMENTAL RESULTS 330/
Va

Validation of the theoretical developments presented earlier
was performed on a 1.5-kW IM drive with a 20-F film capacitor
fed by a three-phase diode rectifier through a simulation and
real test.

A 4096 pulses-per-revolution encoder was mounted to one
end of the IM to monitor the rotor speed. The other end of the
shaft was coupled to a 1.5-kW dc generator to control the exter-
nal load. The algorithm was implemented in the inverter with
a constant PWM switching frequency of 5 kHz. The nominal
input line-to-line voltage was set to 210 V and the advent of
flux weakening occurs at approximately 1500 r/min. The on-
line disturbance state-filter was performed every 100 us and the
bandwidth of the state-filter and PI speed controller was set to
600 rad/s. The gain (K,) of the resonant controller and 3-dB
cut-off frequency (w.y) are fixed to 3 and 50 Hz, respectively.
In all experimental tests, the running conditions were identical
to those in the simulation.

Fig. 10 presents a simulated result in the motoring oper-
ation, where the dc-link voltage, flag signal, air-gap torque,
and rotor flux linkage are illustrated from top to bottom. The
“mode_HVC” is 1 if the HVC mode activates and 0 otherwise
(MBC mode). In this test, the IM drive was operated with 90%
of the base speed while the rated load torque was applied. The
dc-link voltage fluctuates with six times the input grid voltage
frequency. The waveform of the flag signal and air-gap torque
show a smooth and rapid transition occurs between the MBC
and HVC operation. This is because the proposed MBC and
HVC were designed without integrators for current control and
with the same voltage selection rule. This structure leads to a
single control law in the entire operating region, which avoids
secondary upsets by the control mode switching and complexity
of having an additional control function or gain to be adjusted.

Fig. 11 shows the experimental results in the same test sce-
nario, where the measured dc-link voltage, flag signal, estimated
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Fig. 10.  Simulated results of the proposed control method.
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Fig. 11.  Test results of the proposed control method.

air-gap torque, and estimated rotor flux linkage are, respectively,
illustrated from top to bottom. The desired torque was well reg-
ulated with the average value because the proposed state-filter
provides a concurrent compensation. Although a sufficient con-
trol voltage margin is essential to the current regulator-based
strategy for feedback corrections, the proposed method is im-
mune to a lack of available voltage because it manipulates
the output voltage instead of controlling the motor current. A
close match was observed between simulation and test result.
The x—y locus shows that the resulting controller can achieve the
maximum voltage utilization at the periodic voltage dropping
region.

Particular attention should be paid to the field-weakening op-
eration of the proposed HVC mode because a sudden grid volt-
age drop forces the drive to enter the field-weakening region.
Fig. 12 shows the field-weakening operation results, where the
three-phase source voltage suddenly drops by 15% of its nomi-
nal value at 90% of the rated speed.

The line-to-line grid voltage, measured dc-bus voltage, the es-
timated rotor velocity, and rotor flux linkage are depicted from
top to bottom. In the waveform of the dc-bus voltage and the
rotor flux, it can be noticed that an automatic and rapid transi-
tion occurs between nonlimited operation and field-weakening
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Fig. 13.  Load test result of the proposed method.

mode without any subcontrol functions used in the current con-
trol strategy. This feature is beneficial for achieving the abil-
ity to maintain the inverter operation during the grid voltage
transients.

Fig. 13 shows the test result at the base speed, whereas the
external load was increased stepwise from 0% to the rated value.
This load torque test can be thought to be as being more severe
than would be encountered in practical situations. The esti-
mated/controlled rotor speed, actual rotor speed for monitoring,
measured armature current of the dc generator, and g-axis stator
current of the tested IM are illustrated from top to bottom. Dis-
tortions were rarely found during the velocity transition of each
control mode. The drive does not lose its control capability in
the presence of the full load torque, which means that the motor
generates the desired air-gap torque with reasonable accuracy
that is comparable to that of commercial ac drive systems. With
the proposed algorithm, the inverter requirements of a long life-
time, high reliability, and high power density can be achieved
without sacrificing the system performance.
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IV. CONCLUSION

This paper addresses the controller design of a position sen-
sorless vector-controlled IM drive system supplied from a small
dc-link film capacitor inverter fed by a three-phase diode front-
end rectifier. The proposed approach focuses on the controller
performance when entering or leaving the infeasible voltage
domain. The PI motor-current-regulator-free control structure
presents a smooth transition from the MBC under the uncon-
strained voltage region to the HVC when the voltage limit is
encountered. The analytical solution leads to the dynamic volt-
age modification at each time step with respect to the avail-
able dc-bus voltage. The algorithm can provide adequate results
over a number of potential secondary upsets found in the cur-
rent regulator-based control structure. The operation sensitivity
under motor parameter drifts is also examined to decouple its
influence using a voltage disturbance state filter. The test results
clearly show that the proposed method can improve the inverter
reliability without sacrificing the motor control performance.
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