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Abstract— The induction machine is widespread in AC
drive system. The energy efficiency of the induction machine
during dynamic regimes is up to 40%. Therefore, for the
electrical drives with frequent dynamics (starting, breaking
or reversing) the energy efficiency becomes a serious prob-
lem. The regenerative drive system is a solution to improve
the energy efficiency in an elegant manner. This method
requires of using an active front end rectifier instead of the
uncontrolled rectifier, as in the conventional AC drives sys-
tem. The authors proposed in this paper, a modern way to
increase the energy efficiency of the drive system through
the regeneration process. The power supply converter of the
three-phase induction machine is designed in a modular
manner, consisting of a series active power rectifier (APR),
DC link, and three-phase power inverter. As regarding the
DC link, the braking resistor is not necessary, the recovered
energy during the braking process being delivered to the
grid. Moreover, due to the used power control, DC link
voltage control and current control in the grid side power
converter, both the power quality and DC link capacitor
minimization are ensured. The load side contains three
phase voltage source inverter (VSI) in order to supply the
three phase induction motor connected to the load. Through
the Matlab/Simulink environment software, the obtained
performances of the modular AC drive system and motoring
and regenerating operation modes are shown.

L.

Nowadays, for loads up to 250kW, the power convert-
ers with forced commutation are the best choice for a
modern power converter topology supplied from 0.4 kV
network. From one point of view, the AC-AC power con-
verters are indirect AC-AC, and quasi-direct power con-
verters, respectively. The DC-link capacitor of the indirect
AC--AC power converters has the large value because the
voltage source converter (VSC) and voltage source in-
verter (VSI) are driven independently. The most important
disadvantage of the indirect current control or phase and
amplitude control [1]-[2] is that of resulting of a DC offset
in AC line current transients. Another control method is
the predicted current control with fixed switching fre-
quency (PCCFF) [3]-[4]. The PCCFF maintains the high
dynamic performances of the hysteresis control, but is
sensitive to parameter variations. Malesani et al [5]-[6]
add many improvements to the hysteresis control meth-
ods. By introducing power balance control between VSC
and VSI the DC link capacitor value decreases signifi-
cantly [7]. The other characteristics of the quasi direct
AC-AC converters (nearly input sinusoidal current, low
harmonics, reduction of the energy storage devices of the
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system, the reactive power compensation capabilities, the
kinetic energy recovery due to the reversible power flow-
ing in AC drive applications) have been done to research-
ers to find and to apply large control methods.

For Voltage Source Converters (VSC) one solution to
assure a fast control response to load variation is inserting
of the load feedforward control [8]. The APR acts as grid
interface and is used in elevators, crane, centrifuge, wind
turbine drive systems.

The paper is structured in seven Sections: the first Sec-
tion includes the power circuit of the modular AC drive
system, the second Section describes the mathematical
model of the Voltage Source Power Converter, the third
Section shows the unity power factor control of the APR,
the fourth Section presents the control of the Voltage
Source Inverter, the fifth Section presents the Mat-
lab/Simulink simulation results, and the conclusions could
be find in the last Section.

II. THE POWER CIRCUIT OF THE MODULAR AC
DRIVE SYSTEM

In the Fig. 1 the modular power converter is shown.
Vector control in synchronous reference frame has been
involved for the APR. Detailed methodology of control
design is described. By using an adequate control design
both unity power factor and increased speed loop response
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Fig. 1. Power circuit of the modular AC-AC power converter

The power structure of the regenerative drive system
consists of a boost inductor, a VSC, DC-link capacitor,
three-phase power inverter, a three phase squirrel cage
connected to a load. In order to obtain a THD factor up to
5% at the full load the boost inductor is designed ade-
quately. The applied methodology for the DC link capaci-
tor design, based on maintaining the admissible DC volt-
age ripple, is proven through the obtained simulation re-
sults. By introducing the adequate power control loop the
power balance between the load and source is maintained.
The main advantage of the power balance control is the
decreasing of the DC capacitor size.
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III. THE MATHEMATICAL MODEL OF THE
VOLTAGE SOURCE POWER CONVERTER

In the Fig. 2 the simplified diagram of the regenerative
power converter is introduced.

Inoc

PWM
modulator

Fig. 2. Outline of the power components of the stand-alone AC power
source converter with a DC load.
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At the DC link output the rotor field oriented control
of power inverter is connected having the current minor
loop. Therefore, it can be considered as a source current
connected to the DC link (Fig.2).

By applying the second Kirchhoff theorem to the input
circuit (Fig.2) the stationary reference frame of the grid
vector can be deducted:

Es=L d—l +V

dt (1

where V' is the converter terminal voltage, E- the source

voltage, and /- the line current.

The components of the stationary grid vector are:
E.=E,+JE,. )

In the stationary reference frame, the components of

the symmetrical grid voltage vector could be obtained as
follows:

B

From the eq.4 the d, ¢ components of the synchronous
reference frame are obtained:
Eﬁ'

2

0
where the instantaneous position of the grid voltage vector
in the stationary reference frame is denoted by & = wr,

and @ =27f is the frequency of the grid voltage.

coswt —sinwt

4)

sinwt coswt

By multiplying the vectors in the eq. 1 with the

e,/(wtffr/z)

obtained:

rotate vector, the synchronous grid vector is

E = Ee./(w/*”/2)

s

)

or by using the synchronous reference frame components:
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E=E,+j-E,. (6)
Moreover, by introducing the rotating vector term

ej(wt—ﬂ/z)

tained:

into the eq. 1, the following equation can be ob-

> jler-7/2)
die’ ™) 5 e
dt

Taking onto account the results of the eq. 6, the vectorial
eq. 1 into synchronous reference frame becomes:

Eej(wt—ﬂ'/Z) =L (7)

- di .
E=L—+ joLi +V. (8)
ar !

By inserting the d, g vector components into the eq. 8,
the the standard state space form of the mathematical
model of the APR, in d-q synchronous reference, is ob-
tained:

dl
LEL——wl-1, -V, +E,
dt
)
d,
L?:wL.ID —'VQ +‘EQ

In order to deduct the entire mathematical model of the
APR the additional DC link voltage equation is necessary:

dav
C-—% = Inoc -loutpe
dt
It could be noted that the mathematical model contains
cross-coupling terms between d, g axes (eqs.9).

(10)

The output signals of the current controllers are VD* , VQ*,

which serves as the input to the pulse width modulator
(PWM). Due to the switching frequency, f, ,, of the power

semiconductors, the PWM is modeled by using the first
order approximation of the Taylor series of the delay

terme*"? . Taking into account that the outputs signals of
the PWM are V, VQ* the following transfer function of
the PWM is considerate:

v 1 v
"= . (11)
Vol 1+sT,|V,
The time constant 75 is defined as:
TYW'
T, = > (12)
where T is the switching time:
1
T, =—. (13)
S

The maximum voltage of the pulse width modulator de-
pends both on the applied PWM strategy and of the avail-
able DC link voltage.
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\17\ s% (14)
where
and
a=1 (16)

for space vector pulse width modulation (SVPWM) strat-
egy, and:

(1

for sinusoidal pulse width modulation (SPWM).

In the Fig.3 by considering egs. (9)-(11), the synchronous
reference frame mathematical model is shown:

Modulator

System

Fig. 3. The synchronous reference frame mathematical model of the
APR

IV. UNITY POWER FACTOR CONTROL

The strategy of using vector control allows to the ¢, d
synchronous reference system to be aligned with the grid

voltage vector £ . This strategy can be obtained by using
an adequate synchronization control [9]. Therefore:

In order to control independently the d, g axes the de-
coupled terms should be inserted into the eqs (9). In this
way the independently current control is obtained.

Through the adequate current control the angle be-
tween the grid voltage vector and the input current vector
becomes zero, i.e. the unity displacement factor operation
is obtained.

The independently current control allows obtaining

1,=0 (19)
if the current reference on the d axis is set to zero:
I" =0 (20)

The unity power factor and power balance control con-
duct to obtaining of the load feedforward component as in

(71, [9]:

. 2

IQ = out > (21)

3V,
where P, is the load power.
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Fig. 4. Synchronous reference frame. Unity power factor.

The vector control in a cascaded manner is adopted for
the APR The minor control loops consist of the d, g cur-

E,=0. (18)  rent regulations. The major loop of the ¢ current is the DC
link voltage loop.
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Fig.5 The rotor field vector oriented control of the AC induction machine [10].
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The tuning control parameters of the Proportional Inte-
gral current controllers are determined based on the modu-
lus optimum MO criterion as in [10]:

r, =T, (22)

= 2T K, K, (23)

Kpww 1s the adequate PWM gain, T, - the small time con-
stant of the current loop, 7;,=L/R being the time constant
of the boost inductor, and K;=1/R the gain of the R-L
load.

The parameters of the DC link PI voltage controller are
determined by using the small perturbation linearization
method of the link voltage equation around the equilib-
rium point [11].

V. INDUCTION MACHINE CONTROL

In order to follow the speed reference the vector control
in rotor magnetizing synchronous reference frame has
been used. The cascaded control loops are used [12]. The
q axis control consists of the torque (current) control and
speed control. The d axis control consists of the rotor
magnetizing current control, that is the flux control [10].
The rotor field vector control is used to decouple the mag-
netic side from the mechanical side of the three-phase
induction machine.

The mathematical model of the three-phase induction
machine in synchronous reference frame consists of the d,
q stator voltage differential equations, rotor magnetizing
differential equation, the equation of the oriented control
mechanism, and circular motion equation:

di, . .
of, e iy :‘;;S —(1—0')

dt dt o
di,,
oT, a +iy (1— )T @i, —oT w,i,
di , 1 ( | ) 24
L +L i
dl Tr m"ds
d
J Zr kTimRiqv T,, K;= 7(1 - O-)L.&
Rr s
0,=0 +0, o,=
Lm mR
where:

R - stator resistance per phase

@, synchronous rotating frame angular speed.
@, rotor angular speed.

y slip angular speed.

zds (1qs) d-axis (g-axis) stator current.

Vi (V' gs) d-axis (g-axis) stator voltage commands.
L (L)) - the stator (rotor) inductance

L., - the mutual inductance.

T=L/R, the time constant of the stator circuit.
o the total leakage factor.

T} the total load torque.

T=L./R, the time constant of the rotor circuit.
K7 torque constant

J the moment of inertia.

p-the number of poles pairs.

In order to assure an independent control of the three-
phase induction machine the adequate decoupling voltage
components are inserted [13].

The parameters of the PI torque regulator deducted by
using modulus optimum are as follows [14], [15]:

s 1 (25)
Ty = ZTeIKPWM R_

where the time constant 7,=1,57 is multiple of the sam-
pling period 7, [11].

By using symmetrical optimum criterion [12] the parame-
ters of the PI speed regulator are found:

7, =4T,,
8T (26)

T, =—2

J

where the smallest time constants are grouped into
Ts=2T, +T4 time constant.

VI. SIMULATION RESULTS

The proposed regenerative power system taken into
consideration has the following data: S,=22kVA -rated
apparent power, [;=31.75A- rated current, the parametrers
of the input inductance R;;=0.001Q2, L;;=2.1mH, and the
DC-link capacitor C=1565uF. The load of power system
is connected to the three-phase induction machine (IM).
The load power (Fig.8) consists of an elevator connected
to the IM: P,= 4 [kW], ny\=1900 [rpm] rated speed, 7i= 19
[Nm] rated load torque. In the Fig. 6 the Matlab/Simulink
software implementation of the entire AC drive system is
shown. In the Figs 7-15 the numerical simulation results
are shown. For an elevator, the considerate speed cycle
consists of the starting, steady state speed, braking, and a
rest time (Fig.7).

Fig. 6. Simulink implementation of the AC regenerative drive system

The designed controller parameters conduct to the per-
fect reference tracking of the feedback speed, therefore the
reference speed and the current speed are overlapped en-
tirely (Fig.7). The active load torque is applied at 0.25 [s]
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(Fig.8). During the transients the electromagnetic torque
of the three-phase induction machine attains the maximum
value.
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Fig.7. Speed regulator: reference speed and the actual speed
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Fig.8. The torque diagram of the elevator

In the Fig. 8 the active load torque is shown. During the
dynamic regimes, by using the appropriate control the
maximum load torque is obtained (Fig.9). During the
steady state the electromagnetic torque and the load torque
have the same values (Fig.9). The regeneration regimes
appear during braking process, the electromagnetic torque
changing the sign (Fig.9).

electromagnetic torque, load torque
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Fig.9. The electromagnetic torque of the IM machine

The modular AC electrical drive system operates in the
regeneration mode during braking process (te[1.3, 1.5]s
and [2.8, 3]s) : the negative active current reference is
generated (Figs.10), the grid current and grid voltage are
out of phase by 180° (Fig.12), and the DC overvoltage
occurs during braking time (Fig.13). In the Figs.14, 15 the

132

magnified pictures during braking period are shown. Dur-
ing the braking period the IM acts as generator and deliv-
ers the electrical energy from the elevator to the grid, that
is the mechanical energy from the elevator is recovered,
and it is delivered through the IM into the AC line.

The active current controller performances are shown in
the Fig. 10. The feedback active current follows accu-
rately the reference one. In the Fig.11 the performances of
the d axis current controller are shown. In order to obtain a
unity power factor, the d axis current is set to zero

(Fig.11).
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Fig.10. d axis current controller: the reference and the feedback active

current
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Fig. 11. ¢ axis current controller: the reference and the feedback reac-
tive current

The phase (A) of the grid current is in phase with the
corresponding phase of the grid voltage (4), and out of
phase in regeneration mode. Therefore, the unity power
factor operation in motoring mode and regeneration mode
are shown (Figs. 12, 14).

In order to assure a reversibility of the load current the
DC bus voltage Vpc becomes higher than of the reference
DC voltage (Fig.13).
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Fig.12. Unity power factor operation in motoring and regenerating
mode of operations
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Fig.13. DC link voltage controller
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Fig.14. The unity power factor operation during the motoring and re-
generation operation modes(magnified area).
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Fig.15. The speed of the IM: braking process (magnified area).

VII. CONCLUSION

The topology, mathematical modeling, control design
and numerical simulation results of the modern IM drive
system have been shown in this paper. The advantages of
the modular topology with the described control strategies
are: sinusoidal input current, unity power factor, bidirec-
tional power flow, small (up to 5%) DC-link voltage vari-
ation in any operated conditions, disturbance compensa-
tion capability, fast control response and high quality bal-
anced three-phase output voltages were obtained. The
power balance control delivers the load feed-forward
component which is added to the input reference of the
active current. In this way a better transient response is
obtained. The response time speed of the active current
loop allows the reduction of the size of the DC link ca-
pacitor at the same time with maintaining the systems’
stability.

The simulation results on the 22-kVA, 400V regenera-
tive power unit confirm the good load current regulation,
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the unity power factor operation of the power source con-
verter, power reversibility capabilities as well as the good
power matching control. During the braking process the
mechanical energy is fed to the grid. In this way, the in-
creased efficiency of the AC drive system is obtained.
Moreover, during the braking process the AC line current
decreases. Therefore, the dissipated energy into the active
elements of the AC drive system is diminished. In this
way the entire efficiency of the drive system increases
more.
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