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Smart Electrical Grid Interface Using Floating
H-Bridges to Improve the Performance of
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Abstract—Three-phase floating H-bridges can be inserted be-
tween the utility grid and an induction motor to inject a voltage in
series with the grid voltage. The magnitude and phase of this volt-
age is used to control the motor voltage under steady-state opera-
tion so as to lower the motor power losses over its entire load range.
This is made possible because the three-phase H-bridge can be used
to both increase and decrease the motor voltage relative to the grid
voltage as required. This feature affects the performance of the
overall system, more specifically, the motor power conversion effi-
ciency is improved, lowering its operating temperature and, hence,
improving reliability and lifetime expectancy. A variety of motor
voltage control options exist, the controller presented is suitable for
applications using loads such as fans and pumps, where variable
frequency is not required. Readily available machine nameplate
data are used to identify the motor output power associated with
its maximum efficiency operating point when operated under rated
voltage. This data are then used as the basis to control the motor
voltage according to the square root of the measured motor in-
put power. The controller and the performance of the three-phase
H-bridge are described. The benefits of the variable voltage con-
trol are assessed by comparing the motor performance with the
machine operated at its rated voltage. The chosen controller also
results in the H-bridge dc voltages being relatively low and con-
stant over a wide load range, hence lowering the power losses and
electrical stress in the power electronics. Both experimental results
and theoretical predictions are used to illustrate the performance
of both the three-phase H-bridge and the motor.

Index Terms—Floating capacitor, H-bridge converters, induc-
tion motor, reactive power generation, series compensation.

1. INTRODUCTION

HE three-phase induction motor is the workhorse of mod-
T ern industry. Worldwide about 50 million motors are in-
stalled every year [1] and approximately 50% of electrical en-
ergy produced is used in electric drives. Typically, 60-80% of
the electricity in the industrial sector and about 20-35% of the
electricity in the commercial sector is consumed by motors [2].
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Fig. 1. Power electronic converters for series voltage compensation of a smart
grid connected induction motor: (a) three-phase H-bridge and (b) three-phase
inverter.

Around 67% of this energy, and representing 85% of all motor
energy losses, is associated with induction motors with a rating
below 75 kW [3], [4]. Hence, the energy efficiency and reliabil-
ity of grid connected induction motors are a major interest from
both economic and environmental perspectives.

The electronic operating systems used with many induction
motors are a significant element in future industrial smart grids,
used as a means to achieve energy savings, reduce production
costs, and provide grid voltage support: one popular system is a
variable frequency drive (VFD) [5], [6]. Considering that many
applications operate induction motors continuously at full speed,
e.g., fans and pumps, for these situations, lower cost power
electronics can be considered that supply the motor at fixed fre-
quency. The power electronic systems can be used to control
the motor voltage under a variety of situations [7], [8]: limit the
motor starting current; provide immunity to grid voltage sags
and swells; generate VARSs into the grid for VAR compensation
and voltage support; provide a buffer between the motor me-
chanical system and the grid to limit system oscillations; and
lastly, to control the motor voltage to lower its energy losses.
The latter feature is the subject of this paper, using a transformer
less three—phase floating H-bridge system [see Fig. 1(a)] with
Fig. 1(b) being an alternative option.

Many loss minimization control schemes for induction mo-
tors have been reported [9], [10]. These techniques can be di-
vided into three main categories: 1) model-based methods; 2)
simple state control; and 3) search control.

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Calculation intensive model-based methods provide smooth
and fast adaptation of the motor flux as long as the motor param-
eters are known, e.g., rotor speed or slip, core loss, main induc-
tance saturation [11]. The less complex state control assumes
certain quantities of the motor can be easily defined, such as
displacement power factor or slip to operate motor at maximum
efficiency. Alternatively, rotor slip frequency control requires a
speed feedback. The constant power factor approach has a rel-
atively fast response (<1 s) and is a good choice for industrial
drives [12]. A real-time search method can be used to find the
motor voltage that minimizes the motor input power for a con-
stant load output power [13], [14]. Theoretically, this method
offers an optimal solution; however, this method is not popular
as it has a slow response to load changes (>7 s) [15], difficulties
tuning the algorithm, and requiring precise load information.

The operation and performance of a three-phase floating H-
bridge is presented [see Fig. 1(a)] that controls the motor voltage
using a series voltage injection relative to the fixed frequency
grid voltage. The proposed system using 12 switches can be
considered more energy efficient and cost effective when com-
pared to other systems such as a standard VFD and a regenera-
tive drive, or back-to-back (BTB) converter. The benefits of the
three-phase H-bridge over the standard VFD and the BTB con-
verter are discussed in [16]. The standard VFD uses a six-switch
output inverter with a diode rectifier input stage, and so may be
considered more economic? However, the overall system power
losses and costs are higher due to: 1) large input current har-
monics flowing through the drive input diode rectifier and ac
reactor; 2) large bulky 3/5% reactors are often included at the
input and output: note that replacing iron with silicon is often
considered advantageous; 3) the standard VFD requires a higher
dc-link voltage in continuous operation than the proposed sys-
tem (e.g., 290 versus 200 V in a 208-V three-phase system),
hence increases the inverter losses. The higher system losses in
the standard VFD increase the cost of the cooling systems [16].
A BTB converter uses 12 switches, similar to the proposed sys-
tem, and has the advantage of motor variable frequency control
[17]-[20]. However, the three-phase H-bridge is not being pro-
posed for variable frequency applications but for applications
where continuous operation from a fixed utility frequency is the
main operating condition for the machine. BTB converters oper-
ate from a higher dc-link voltage than the proposed system (e.g.,
290 versus 200 V in a 208-V three-phase system). The higher
dc voltage produces higher steady-state losses in the power
electronics, increasing the cooling requirements and cost. The
three-level line input and output voltages, using a larger dc-link
voltage, of the BTB converter requires larger input and output
filters: the proposed system can produce five-level pulse width
modulation (PWM) line voltages with smaller voltage steps and
a PWM frequency double that of the BTB converter. Hence,
the proposed system can be considered more cost competitive
because of the lower cooling and ac filter requirements.

Comparisons between floating H-bridge topologies and al-
ternative systems are described in [16] and [21]. A “magnetic
energy recover switch” switches at the ac supply frequency
and is mainly used for VAR compensation [22]-[24]. The sys-
tem has many disadvantages including large current harmonics

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 10, OCTOBER 2017

and undesirable system oscillations [24]. A hybrid cascaded
converter using floating H-bridges can be used with an NPC
to control the system VARs [25], [26]. Leng et al. [21] de-
scribe the use of the three-phase floating H-bridge as a series
compensator to decouple the motor voltage from grid voltage
sags and swells. The system naturally produces a leading power
factor at the grid and generates VARs. Leng et al. [16] describe
how the three-phase floating H-bridge can be used to soft-start
an induction motor using motor voltage control.

In contrast to [16] and [21], the main contribution of the work
presented is to show how a grid connected three-phase floating
H-bridge can be used to improve the continuous steady-state
operation of an induction motor operating at the grid frequency
(see Fig. 1).

The three-phase H-bridge version [see Fig. 1(a)] is the pre-
ferred implementation for many industrial applications as the
three-phase inverter [see Fig. 1(b)] requires an open winding
machine with the inverter operating at twice the dc-link voltage
in comparison. However, the motor loss minimization control
presented is designed for implementation using either of the
floating bridges illustrated in Fig. 1. The motor variable volt-
age control presented is intended to operate the motor at its
maximum power conversion efficiency, using machine name-
plate data as input parameters and the measured motor input
power to determine the demand voltage for the controller. This
approach is intended for applications where frequency control
is not required, such as fans, pumps, compressors, and some
applications using medium voltage motors [21]. The motor effi-
ciency can be improved over the entire motor load range, from
no-load to full-load, as the floating power electronics can in-
crease or decrease the motor voltage relative to the grid voltage.
The results of extensive experimental performance testing of
the motor and system as a whole compare very favourably with
theoretical predictions.

II. MOTOR VOLTAGE CONTROL

Two voltage control modes were chosen to highlight the ben-
efits of variable voltage control using the three-phase H-bridge
over operating the motor at its rated voltage: 1) “rated voltage
control” Viatea and 2) “variable voltage control”, V... The
former control keeps the motor voltage constant at rated irre-
spective of grid voltage droops, sags or swells or motor load
condition. The latter control requires the motor voltage to be
greater than or less than the grid voltage and is chosen to min-
imize the motor losses, hence maximize the motor power con-
version efficiency. The rated grid voltage is assumed to be the
same as the motor rated voltage and the motor load is assumed
to vary over a wide range, typically from 10% to 100% of rated.

Variable voltage control is based upon the electrical per-phase
equivalent circuit of the induction motor under steady-state con-
ditions and neglecting temperature and saturation effects. Note
that the motor is operated with a constant supply frequency
under low slip conditions. The maximum motor efficiency con-
dition is estimated from nameplate data and is associated with
the motor rated voltage V/,,, motor input impedance Z,;,, and
input power P,,. The motor voltage is then changed as the
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square root of the measured electrical input power P,, relative
to P, . As the motor power changes, the motor input impedance
Zy,n stays constant together with the input power factor, slip and
rotor speed

Bll
PIHO )

Vin = Vino (1)

For illustrative purpose, this section uses the following
equivalent circuit parameters for an induction motor: 230 V,
60 Hz, 5 HP (3.7 kW), 1760 r/min, four poles, n = 91%,
0.83 PF, 125 A, R, =0.62Q, R, =0.269, X, =0.50 Q,
X, =0.752Q, X, =20Q,and R,, = 105812.

An induction motor with these parameters has a maximum
power conversion efficiency of 91% occurring at roughly 65%
of the motor rated load. This setting can then be used to define
a nominal input power P,,, and motor voltage V},,.

The three-phase H-bridge differs from previous methods re-
ported [14], [27] as the motor voltage can be made to be greater
than the grid voltage to improve the motor efficiency at high
loads, and less than the grid voltage to improve the motor ef-
ficiency under light loads: details of the three-phase H-bridge
control are given in Sections III and V. Fig. 2(a) compares rated
voltage control versus variable voltage control using (1). Vari-
able voltage control results in the motor power factor being
constant at approximately 0.71, compared with rated voltage
control, where the power factor varies from 0.83 at full load,
down to 0.1 under light load. Noting that the three-phase H-
bridge provides a series voltage injection V;, at 90° to the cur-
rent, see Section III-A, then the per-unit injected voltage V}, ;,,
is shown in Fig. 2(b) as a function of the motor voltage V;,, ,,
using curves at motor power factor angles ¢,, in 10° steps:
Vb.pu for Viaiea and Vi, control are also highlighted in the fig-
ure. Significantly, variable voltage control, V.., largely results
in a lower injected voltage, V; ,,,. [see Fig. 2(b)]. This can be
used advantageously to lower the power losses and electrical
stresses in the power electronics by lowering the dc voltages in
the three-phase H-bridges.

Variable voltage control theoretically results in the motor ef-
ficiency staying at the motor maximum over the entire load
range [see Fig. 2(c)], note that motor resistance variation with
temperature are ignored in this observation. Rated voltage con-
trol results in much lower power conversion efficiencies under
both high and light loads. These trends in the efficiency curves
are reflected in the motor current and machine loss curves [see
Fig. 2(d) and (e)]. Unlike rated voltage control, variable voltage
control maintains a balance between the current flowing through
the motor magnetizing inductance and its rotor circuit. This bal-
ance lowers the motor input current under both light load and
high load conditions, hence lowering the motor losses.

III. THREE-PHASE H-BRIDGE CONTROL

For the three-phase H-bridge to deliver the desired motor
voltage, a motor voltage larger, equal to, or less than the grid
voltage is required. For this voltage to be sustainable in steady
state, the injected voltage V;, has to be approximately at 90° to
the current: losses in the power electronics change this angle
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Fig. 2. Motor operation under rated and variable voltage control: (a) motor
voltage and power factor, (b) bridge voltage as a function of the motor power
factor angle, (c) motor efficiency, (d) motor current, and (e) motor losses.

slightly. Control of V;, hence V,,,, is achieved by changing the
voltage injection angle « relative to the grid voltage [16], [21].
The system fundamental voltage vectors required to achieve the
two modes of motor voltage control are presented. Theoretical
analysis of the vector diagrams is presented to predict both
angle o and magnitude of the injected voltage V},. Performance
curves for the three-phase H-bridge are presented for both motor
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control modes. Lastly, the motor parameters stated in Section II
are assumed here.

A. Series Voltage Injection

The three-phase floating H-bridges inject three-level PWM
voltages in each motor phase with a fundamental component, V},.
Two H-bridge voltage waveforms add with the grid line voltage
to form the line voltage delivered to the motor (see Fig. 3):
two H-bridge voltages result in a five-level PWM voltage in
the motor line voltage with a PWM frequency up to four times
the bridge switching frequency. The fundamental component
of the motor line voltage, V1,,, determines the fundamental
phase voltage delivered to the motor and is denoted V,,,, with
the per-phase component of the grid voltage denoted V,,, where
the line grid voltage is denoted as Vi, and is rated as 230 V
(VLg = 230V; V, = 133 V). The fundamental voltages can
be represented in a per-phase equivalent circuit [see Fig. 4(a)]
and a per phase voltage vector diagram [see Fig. 4(b)]. Various
angles are identified in Fig. 4(b) for analysis purposes. One
important feature to note from the vector diagram is that in
steady state the bridge voltage V} is at 90° to the motor current
I,,,, representing no net power flow to the H-bridge capacitors.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 10, OCTOBER 2017

s -

-------
.

Rated V,,
vector arc

.
Lo
e
.
Qs
S~ )
S
)
S
‘. ¥
‘e Vi
‘e
).
e
I
I
.

(@

©

Fig.5. Phasor voltage vectors: (a) V,,, = rated,highload, (b) V,;, = rated,
light load, (c) V;,, > rated, high load, (d) V;,, < rated, light load.

Given the motor parameters stated in Section II, the voltage
injection angle « [see Fig. 4(b)] can be controlled to deliver the
desired motor voltage V,,, to the motor. When adopting rated
voltage control, V,,, follows a semicircle [see Fig. 5(a) and (b)]
in the voltage vector diagram, and « is changed to keep V,,
fixed as the motor power factor changes: 0.83 at full load [see
Fig. 5(a)] down to 0.3 under light load [see Fig. 5(b)]. Alter-
natively for variable voltage control, the motor power factor is
fairly constant, 0.71 in Fig. 5(c) and (d). Under high load, the
motor voltage has to be boosted above rated [see Fig. 5(c)] and
reduced under light load [see Fig. 5(d)], as given by (1). The
vector diagrams in Fig. 5 demonstrate that the three-phase H-
bridge can deliver the desired motor voltage by changing « as
long as the bridge capacitor voltage is allowed to change: the
amplitude modulation depth m, of the H-bridges is fixed at its
maximum to minimize dc capacitor operating voltage.

B. Voltage Vector Analysis

As the motor load changes, the motor characteristics deter-
mines the relationship between the motor voltage V,,, funda-
mental power factor cos ¢,,, and power factor angle ¢,, [see
Fig. 2(a) and (b)]: the grid voltage V, is assumed constant and
the same as the motor rated voltage V;ateq. During the steady-
state operation, the system power factor angle as seen at the
grid ¢,, H-bridge fundamental voltage V;, and the resultant dc
voltage Vj. can be predicted knowing V,, V;,,, and ¢, .

For simplification, assume

Vips = 3 @
Using Fig. 4(b), ¢, and «v are obtained from
cos ¢y = Vi p.u. COS Gy 3)
sin a =V}, ,ucos ¢y, (4a)
cosa— Yt Ve —Vn (4b)
2V,
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Knowing ¢, ¢,, the remaining angles in the vector diagram
Fig. 4(b) are obtained using:

(5a)
(5a)

ﬂngm +¢g
¥ =90 — ¢, .

Using the motor parameters stated in Section II, « is illus-
trated in Fig. 6(a) as a function of the motor load in %. For
completeness, v and § are shown in Fig. 6(b). Noting that the
motor decides the relationship between V,,, and ¢,, as the motor
load changes, ¢,, and ¢, are shown in Fig. 6(c). Interestingly,
both control modes have o changing relatively close together
increasing from under 10° at light load to close to 50°-60 ° at
high load. The controller (see Section V) uses « to deliver the
desired motor voltage and Fig. 5 gives an insight as to how this
is possible. For rated voltage control, the motor power factor
is low under light load and high under high load [see PF in
Fig. 2(a) and ¢,, in Fig. 6(c)]. Hence, « is low under light load
and high at high load [see (4a)]. Conversely for variable voltage
control, the motor power factor is constant but the motor voltage
is low under light load and high at high load, see PF in Fig. 2(a)
and ¢, in Fig. 6(c). Hence, considering Fig. 5, o changes from
a small value under light load to a high value under high load.

The linear relationship between cos ¢, with V,,, ,,, and cos
®m [see (3)], accounts for the decreasing magnitude of ¢, as
the load increases in Fig. 6(c) for both control cases. Note that
¢4 is a leading angle relative to V,, while ¢,, is a lagging angle
relative to the V,,,. For rated voltage control V,, ,, is constant,
but ¢,,, decreases with increasing load, hence ¢, decreases also.
For variable voltage control, ¢,, is constant, but ¢, decreases
with increasing load as V;, ,, increases with increasing load
[see (3) and (1)].

With the various angles defined and assuming V;, = Viated,
the bridge injected voltage V;, can be predicted using Fig. 4(b),
and can be expressed in two ways:

‘/b — ‘/q COS (rbﬂl \/

COS (bm

Vm COSPp, )2 + Viusin ¢, .
(6)

The capacitor dc voltage is minimized by keeping the bridge
PWM amplitude modulation depth m, at maximum, resulting in
the bridge capacitor voltage fluctuating with V;, and given by

V2V,
‘/cap - 71) (7)

a

Veap 1s plotted in Fig. 6(d) for both control cases assum-
ing V1, = 230V for the 5 HP/ 3.7kW machine described in
Section II. An obvious benefit of the variable voltage control,
operating with a constant relatively low power factor of 0.71, is
that the capacitor voltage is fairly constant as the load changes
and peaks at just over 200 V as compared with 340 V for the
rated voltage control. This has many benefits in lowering the
power electronics losses and electrical stresses, hence lowering
temperature fluctuations.
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and (3, (c) grid and motor displacement angles ¢, and ¢, , and (d) capacitor dc
voltage.

For rated voltage control: (3), (4) gives

cosp, = cos¢p,, = PF, = PF,, (8)
sina = cosdy, . &)

2 sin ¢y, . (10)

Hence, V4, pu
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Fig. 7. Experimental setup: (a) block diagram, (b) three-phase H-bridge sys-
tem with a dSPACE controller, and (c¢) induction motor with dynamometer.

For variable voltage control assuming: cos¢,, = 0.71:

Vm , pu ‘/m, , pu

cos ¢y = ol sin o = NG (11)
2
Hence, V, = /1 — (V’:/’%’“) + V”\l/ip (12)

These expressions are useful in determining the theoretical
system and motor performance when the motor characteristics
are known: e.g., system VARs, power factor, and bridge capac-
itor dc voltage stresses.

IV. EXPERIMENTAL SETUP

A 230-V 5-HP (3.7 kW) motor-dynamometer system was
used as the test platform, schematically shown in Fig. 7(a).
Three single-phase H-bridges are inserted between the grid and
the induction motor. A dynamometer is mechanically coupled
with the induction motor: the experimental test facility is shown
in Fig. 7(b) and (c).

The converters used in the experiment are custom made using
Semikron (SKiM306GD12E4) IGBT modules. The H-bridges
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were made up of two separate inverter legs each using two
4-mF 500-V rated capacitors connected in parallel. Note that
the capacitors were part of a general purpose lab system and
smaller values can be used with a 5 HP (3.7 kW) motor.

The MAGTROL hysteresis dynamometer was used as a
load, with a frictionless torque loading, independent of the
shaft speed. Loading of the dynamometer is controlled by a
MAGTROL DSP 6000 dynamometer controller so that a con-
stant load torque can be provided. The dSPACE controller had
the following input/output settings: 1) the dSPACE algorithm in
the CLP1104 platform was limited to 200-us computing times,
resulting in a 5-kHz signal sampling rate and using a low-pass
filter. This was deemed sufficient to obtain the rms of 60-Hz
currents and voltages as verified using separate meters and 2)
the two dSPACE CLP1104 PWM blocks are difficult to syn-
chronize. Specific PWM frequencies have to be used and the
chosen 7.5 kHz was one such frequency. The resulting 15-kHz
PWM frequency was also exactly three times the signal sam-
pling period.

A 230-V, 1760 r/min, four pole, 90.7%, 0.85 PF, 60 Hz,
5 HP (3.7 kW), 12.25 A, induction machine was used for exper-
imental testing and its equivalent circuit parameters, neglecting
temperature effects, were determined as being: R; = 0.65 (),
R, =0260, X, =0.74Q,X, =090, X,, = 23.08(2, and
R,, = 7500. Nameplate data stated that out of three settings
(50%, 75%, 100% load), the motor is the most efficient at 75%
load, 0.75 PF, 230 V, and 90.5% efficiency. The experimental
controller used this 75% load data as the nominal setting for the
motor maximum efficiency in the variable voltage control; see
Vino and P, in (1).

V. MOTOR VOLTAGE CONTROL

Motor voltage control is achieved by changing the control
angle a” (see Fig. 8). In general, the higher the value of a*, the
higher is the motor voltage and vice versa. More specifically,
using a PLL and knowing V}, together with V¢, then the con-
troller can set « to supply the motor at its demand voltage, V" .

For rated voltage control, V¥ corresponds to the motor rated
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voltage (Viatea = V), for variable voltage control, V is given
by (1) to keep the motor operating at maximum efficiency.

The input power P, for (1) is measured at the grid side,
though strictly this measurement also includes the power losses
in the power electronics. The grid voltage is used by the con-
troller PLL to provide the base reference frame for phase infor-
mation. Both the current and voltage feedback signals measured
at the grid side are reliable low-noise signals.

The rms value of the grid voltage V, can be measured eas-
ily using two line voltages. The three-phase H-bridge capacitor
voltages naturally have a low-frequency ripple (120 Hz). These
ripple voltages tend to cancel each other when the average of
the three bridge dc voltages is used to derive the signal voltage
to represent Ve,, (= ViV©). The H-bridge dc capacitor volt-
ages are allowed to vary and steady state is reached when the
bridge voltage is at 90° to the motor current. Switching and con-
duction losses change this angle slightly depending upon the
relative load power level. Note that Fig. 6(d) shows that the pro-
posed variable voltage control maintains a relatively constant
capacitor voltage. This is caused by the power factor of the ma-
chine also being held fairly constant as a result of the controller
used.

The higher the modulation index, the lower the dc capacitor
voltage. Therefore, the amplitude modulation depth of the three
phase bridges is set to its maximum to minimize the bridge dc
voltages, and so the injected fundamental voltage V}, is estimated
using (7): note that theoretically 1, 1ax = 1.15 but 1.12 was
used experimentally.

A PLL is used to track the grid voltage angle (¢), which is used
to perform the inverse Park’s transformation converting the dq0
frame modulation signals dg, d,, dy into the abc frame signals
d;, d;, d}. The demand motor voltage V" is translated into the
actual motor voltage V,,, using the control signal o* calculated
using (4b) [see Fig. 8]. Triangle intersection implementation
of space vector pulse width modulation is used to obtain the
PWM reference signals d;*, d;*, d;*, hence zero sequence triplen
harmonic signal components are present. Finally, comparison
with level-shifted multicarrier signals yields the gating signals
D,, Dy, D, for the H-bridges [28], hence producing five-level
PWM line voltage waveforms [16], [21].

VI. EXPERIMENTAL RESULTS

The system performance is compared over a wide load
range between using rated voltage control (V1,, = 230V;
V,, = 133V) and variable voltage control (V,,, = V,.,). The
motor with the basic motor parameters defined in Section IV was
used for testing. However, the theoretical motor performance
curves were improved from those shown in Section II as the
motor equivalent circuit resistances were adjusted with the mo-
tor operating temperature for each load setting. Better agreement
between experimental and theoretical predictions was achieved
as a result. Section VI-E describes the relationship between the
motor losses and its temperature rise. In this paper, direct method
in the IEC 60034-2-1 [29] and Method A in IEEE Standard 112
[30] is used to determine motor efficiency.
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A. Five-Level Motor Line Voltage

The three-phase H-bridges generate three-level PWM voltage
outputs resulting in five-level PWM line voltages at frequencies
up to four times the switching frequency (see Fig 9). These
PWM waveforms have smaller step sizes than experienced in
a standard VFD and produce lower noise and cable interaction
problems.

B. General Motor Performance

Good agreement was obtained between experimental and the-
oretical motor performance predictions for all the parameters
presented in Fig. 10. The results confirm that the motor voltage
controller illustrated in Fig. 8, and using « control as defined in
(4b), is a good method for directly controlling the motor voltage
[see Fig. 10(a)].

Variable voltage control improves the motor efficiency at both
high and light load levels, reducing the motor current and low-
ering the motor losses. For example, 7% reduction of the motor
current is obtained under full load and 11% reduction under
light load [see Fig. 10(b)]. The two controllers produce similar
results in the mid power range as expected.

Variable voltage control has a steadily decreasing efficiency
as the motor power is increased [see Fig. 10(c)] compared with
the flat characteristics in Fig. 2(c). This is caused by the temper-
ature dependence of the motor resistance with the motor load.
The motor efficiency for rated voltage control peaks at around
the 60% load level. This implies that if motor data are available,
then the variable voltage control would use the motor parameters
at this setting rather than the 75% load from the motor name-
plate data. The variable voltage experimental currents, power
losses, and efficiency show good agreement between experi-
mental and theoretical predicted results. The same parameters
for rated voltage control are in close agreement with slightly
higher differences.

Under light load, variable voltage control has a motor effi-
ciency of 92% as compared to 79% under rated voltage control;
the difference in efficiency at full load is approximately 1%.
Higher power conversion efficiencies are associated with lower
motor losses and a lower temperature rise: an approximate 15%
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loss reduction is possible at rated load. Variable voltage control
increases the motor rating by approximately 7% as a result of the
lower losses [see Fig. 10(d)]. This increases the motor lifetime
expectancy: note that the motor winding insulation life can be
doubled for every 10°C reduction in average operating tempera-
tures [31]. Accurate motor voltage control using the three-phase
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and (c) reactive power.

H-bridge means that the motor is also immune to grid voltage
sags and swells. Grid voltage fluctuations often require a der-
ating of the motor power [32] and using a motor with a larger
frame size [33].

C. Motor Reactive VARs and Rotor Speed

Variable voltage control is associated with the machine having
a relatively constant input impedance, constant speed, and con-
stant power factor. The experimental results presented in Fig. 11
confirm these conclusions with a good agreement between ex-
perimental and theoretical predictions. For instance, the motor
power factor is fairly constant and close to 0.75-0.8, with exper-
imental results giving slightly lower values [see Fig. 11(c)]. The
motor reactive VARs demand decrease linearly with decreasing
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load since the motor is also operating at constant power factor
[see Fig. 11(b)].

Rated voltage control has a droop in speed with increasing
load commonly associated with induction motors operated at
constant voltage [see Fig. 11(a)]: the motor droop in power factor
as the load is decreased is also a classic characteristic associated
with induction motors [see Fig. 11(b)]. The motor operating
at almost constant reactive VARs under rated voltage control
is caused by the magnetizing inductance drawing a constant
current [see Fig. 11(c)].

D. Grid Power Factor and VARs Generation

The three-phase H-bridge voltage injection Vj, phase shifts
the motor voltage V;,, so that it leads the grid voltage V. This
results in the motor current leading V,;, hence generating VARs
into the grid instead of consuming [see Fig. 12(a)]. The grid
power factor decreases with a decreasing motor load for both
controllers [see Fig. 12(b)]. However, the grid power factor is
leading rather than the lagging power factor at the motor ter-
minals. This can be expected for rated voltage control since
|¢g] = |¢m| when V,,, = V, and ¢, leads with ¢,, lagging
[see Fig. 4(b)]. For rated voltage control, the motor VARs de-
mand is relatively constant, hence the grid VARs generation is
also relatively constant [see Figs. 12(c) and 4(b)]. For variable
voltage control, first, the system power factor decreases linearly
with the motor load as expected. Second, since the machine
impedance is assumed constant and the motor voltage changes
according to the square-root of the motor power, then the grid
current hence grid apparent power changes according to the
square root of the motor power. These two trends for the grid
power and apparent power result in the curved relation for the
grid VARSs generation relative to the motor load [see Fig. 12(c)].

E. Temperature Dependence

The motor temperature rise is widely assumed to be propor-
tional to its power losses. Experimental tests results prove this
to be the case for the motor used in this study. The stator temper-
ature rise is the most significant as the stator winding insulation
lifetime deteriorates with temperature. The stator temperature
rise was obtained by operating the motor from a 230-V supply
for a few hours at each power setting, stopping and measuring
the stator winding resistance within 30 s of cutting the power
to the machine. A linear relationship between the motor losses
and temperature rise was obtained, with the motor rising to
60 °C at the motor rated conditions of 5 HP (3.7 kW) and
230 V, respectively [see Fig. 13(a)]: the data for the machine
quoted a 65 °C rise under rated conditions. The power losses
obtained for both the rated and variable voltage control were
then related to the stator temperature rise using the results from
Fig. 13(a) [see Fig. 13(b)]. The stator temperatures coincide in
the mid motor load region, as expected from the maximum effi-
ciency condition used to set up the controller. Under rated power
conditions (Torque = 20 N - m), the variable voltage control
produced a temperature rise of 7.5 °C less than rated voltage
control, corresponding to a 75% increase in stator winding in-
sulation lifetime expectancy according to [31]. Under light load
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(Torque = 2 N - m), the variable voltage control produced a
temperature rise 10 °C less than rated voltage operation, rep-
resenting a 100% increase in winding insulation lifetime if the
machine were operated under this load continuously; however,
this result if for a very light load is less significant, than the
full-load result. Considering the same temperature rise obtained
under rated power conditions for variable voltage control, rated
voltage control produces approximately 7% less power: this
represents a 7% power derating.

F. DC Voltage Reduction

The average H-bridge dc capacitor voltage can be predicted
using (6) and (7) and is illustrated in Fig. 2(b) via observ-
ing V,. Relatively close agreements between predicted and
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experimentally measured values were obtained (see Fig. 14).
Variable voltage control produces a relatively constant capac-
itor dc voltage over the full motor load range, whereas rated
voltage control results in a wide variation, increasing with de-
creasing load. The latter characteristics are caused by the motor
power factor decreasing with the motor load [see Figs. 2(a), (b)
and 6(d)]. The relatively constant bridge dc voltage for variable
voltage control is related to the motor operating with a relatively
constant load power factor as the motor load changes. The rela-
tively low bridge dc voltage, close to 200 V, is advantageous as
it produces lower stress on the power electronics and decreases
its losses.
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VII. CONCLUSION

The performance of a three-phase H-bridge system using
floating dc capacitors is presented for a smart utility grid in-
terface for induction motors. The proposed system is intended
to be used in applications such as fans, pumps, compressors,
and medium voltage motors, where variable frequency control
is not required [16], [21]. A variable motor voltage control is de-
scribed that is based upon maximizing the motor operating effi-
ciency by controlling the motor voltage to be proportional to the
square root of the measured motor input power. The controller
was implemented using input parameters based upon readily
available machine data, such as the motor performance at 75%
output power, corresponding to the maximum known motor ef-
ficiency condition without having to use more detailed motor
modelling. The proposed variable voltage control produced high
motor power conversion efficiency over a wide load range, to-
gether with reduced power losses and lower rms currents. The
machine speed was shown to be relatively constant over a wide
load range. The system naturally produces a leading grid power
factor, hence generates VARS in to the grid. Comparing variable
voltage control with rated voltage control, the motor tempera-
ture was reduced by 7.5 °C at the motor rated output power,
and 10 °C lower under light load. Lastly, the variable voltage
controller results in the H-bridge dc voltages to be relatively
constant as the load changes at much lower levels than obtained
when operating under-rated voltage. This reduces the electrical
stresses on the power electronics and improves their reliability
and lifetime expectancy. For applications where frequency con-
trol is not required, the proposed three-phase H-bridge system
is a viable reliable cost-effective alternative.
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