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Abstract. This paper proposes an integration control algorithm with DPTC-SVM for a Dual-
PWM Converter to optimize the parameters of the rectifier and inverter. The control algorithm
utilizes direct power control for the PWM rectifier and direct torque control for the PWM
inverter. Compared with the traditional DPTC control algorithm and DPTC-SVM algorithm,
the stability of the system was analyzed by adding power feed forward loop. The rapid dynamic
response and anti-interference ability are improved with the proposed algorithm, though the
capability of the DC-link capacitor decreases. With TMS320LF2407 DSP platform to carry out
physical verification of the induction motor current, torque and flux characteristics. Simulation
and experimental demonstrations are presented to show that the input-output power matches
well and the algorithm fullfill the unity power factor conditions.

Keywords: direct power and torque control; space vector modulation; dual-PWM converter;
power control loop; virtual flux.

1 Introduction

Most rectifiers in traditional AC/DC/AC converters use a diode bridge circuit. There are some
disadvantages such as low power factor, high level of input current harmonics, and high waste of
regenerative energy [1]. In this regard, we put forward reversible single-phase to single-phase DC-link
converters, they are composed of paralleled rectifiers and inverters sharing two legs with two dc-links.
This single-phase to single-phase converters with a single DC-link circuit is shown in Figure 1.
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Figure 1. The single-phase to single-phase converters with a single DC-link circuit
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With the development of the control methods for rectifiers and the control strategy with Pulse
Width Modulation (PWM), a dual-PWM converter is common used to the adjustable speed
application occasions of energy regeneration. This converter decrease: (i) the number of switches
rectifiers and inverters, (ii) the input side of the harmonic content of the output transducer, (iii) the
DC-link capacitors loss.

The PWM rectifier operates by using the voltage-oriented control (VOC) [2] and direct power
control (DPC) [3]-[5] algorithms. The line voltage, current, and DC-link voltage of the PWM rectifier
need to be detected in the VOC algorithm. Although the DPC is simple and fast dynamic response,
disadvantage is that variable switching frequency and reactive power section is not controllable. The
PWM inverter operates by using the field-oriented control (FOC) [6] and direct torque control (DTC)
[7] algorithms. A complex coordinate transform is required, and FOC leads to slow dynamic response.
Furthermore, the FOC algorithm largely depends on the parameters of the induction motor. High flux
and torque ripples appear owing to its variable switching frequency.

In order to avoid the disadvantages of the conventional converter control algorithm, an integration
control algorithm by using direct power and torque with space vector modulation (DPTC-SVM) is
presented. An additional feed-forward power control loop (PF) is proposed to match the input-output
instantaneous power well [8-9].

2 Traditional DPTC control algorithm

In the traditional DPTC control algorithm, the Insulated Gate Bipolar Transistor (IGBT) switching
signals of the rectifier and inverter are generated by the proper switching table voltage vector. The
control theory of the traditional DPTC is shown in Figure 2.

In the traditional DPTC control algorithm, the active p and reactive q powers are compared with

their required values p*andq". The errors between p*and P are controlled by the hysteresis comparator.

Similarly, the stator flux and electromagnetic torque of the PWM inverter are calculated by the line
voltagey , and current|_. The command flux and torque are compared with their reference values [10].

The flux and torque errors are controlled by the hysteresis comparators.
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Figure 2. Control theory for the conventional DPTC

The stator flux of the PWM inverter controlled by the hysteresis comparator and switching table is
expressed by
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w.® = [ U0 - L®OR)dt ©)

Where y (t)is the stator flux, U_(t)is the stator voltage, j «is the stator current, and R is the

resistance of the stator phase windings.
When the motor is running at high speed, the resistance of the stator phase windings can be
ignored. Then, (1) can be written as

dy, (1)

u,(© ~ S -

From (2), Changes stator flux is involved with the voltage space vector generated by inverter.
During the time over which the voltage space vector works, the flux moves in the direction of the
voltage space vector and generates an increment Ay . The stator flux track is nearly circular and

appears a few of ripples. Thus, it leads to large torque ripples and poor performance at low speed.

3 DPTC-SVM control algorithm

Considering this disadvantage of the conventional DPTC algorithm, linear Pl controllers instead
switching table and the hysteresis controller [11-13]. The control theory for DPTC-SVM is shown in

Figure 3.
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Figure 3. Control theory of DPTC-SVM

3.1 DPC-SVM algorithm

A line current | _on the input of the rectifier is deduced by voltageu, drop across the input inductance.
The input equation is written:

U, =U,+U, @)

Where U, = L(dI_/dt) is the inductance voltage, U is voltage at the input of the rectifier,
anduy is the line voltage.
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U, derived from DC-link voltage U :

2 1 1
U _ Usla _ \/;Udc (Sal_ESbl_EScl) (4)
s1 Us1/5 1
ﬁu dc (Sbl - Scl)
The virtual flux and measured line currents can be obtained from
2 1
v v, I[\/;Udc(sal7§(Sb1+sc1))Jdt+LILa ()
L= \PL/} -

1
I(ﬁudc O Sc1)jdt +LI Lg

Where v, is the virtual flux, and L is the inductance of the input of the rectifier.
Assuming a sinusoidal signal line voltage, P and q can be obtained
{p = w(\PLalLﬁ' _"PLﬁILa)

(6)
q=o(¥_Il, +‘PLﬁILﬂ)

The command active power p”is supplied from the outer P1 DC-link voltage controller. To fulfill
the unity power factor conditions, q'is set to zero. The output voltage signals, u,, andUSq, of the PI

controller that makes the errors as the input is transformed into the ¢ — /3 stationary coordinate system.
Then, the reference voltage vectors, Uaca“dUﬂu are obtained

|:Uac:|:|:_5in7\pL _COSJ/\UL:| USp (7)
U, COS /. —siny,, ||Ug,

Where y, is the angle of the VF vector in o — g stationary coordinates.

. W, 8

siny,, = - s - (8)
JOPLZ+(P,)

cos 7\14_ — \I,La (9)

JOF L)+ ()

3.2 DTC-SVM algorithm

The DTC-SVM algorithm uses linear Pl controllers to control the flux and torque directly, and the
required switching attributes for the inverter are produced by the SVM [14-16]. In o — § stationary

coordinates, the electromagnetic torque is

(10)

m, L .
T, =p,——"w,lsin
e pb 2 Lr l//r s ;/
Where p, is the number of pole pairs, m,is the number of power phases, L, is the mutual
inductance, L, is the stator inductance, y, is the rotor flux amplitude, |_is the stator current, and  is
the angle between the rotor current and the stator flux vectors.
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The amplitude of the stator and rotor flux we assume is constant. Then, the torque can be
controlled by changing the angle between the rotor and stator flux vectors. From (10), T, is expressed

as

(11)

m .
To=p = Ty Sing

2 LL-L
Where ¢ is the angle between the rotor and stator flux vector. The stator flux can be expressed by

v, :%Wr +oll, (12)

T

Where & =1— L2 /L.L, is the leakage factor.

3.3 Integration control algorithm of the PWM rectifier and inverter

In order to reduce the DC-link voltage ripples in AC/DC/AC converters, the size of the capacitor
should be increased [17]. Hence, an integration control algorithm for the PWM rectifier and inverter is
developed and shown in Figure 4.

*********

Figure 4. Control diagram of the power feed-forward loop

Ignoring the converter power loss problem, the overall active power of the PWM rectifier B is
provided energy storage for the change of the DC-link capacitor and the inverter output power p’,

PV*SR =P+ F)v*5| (13)

Ignoring the resistances loss, the active power of the PWM inverter g is supplied to the AC motor
for generating electromagnetic torque. The electromagnetic power can be written as

P.=T.m, (14)

Where ¢,_is the rotor mechanical angular speed, andT, is the electromagnetic torque.
The required electromagnetic power pis calculated by the required values for the electromagnetic
torquer-and rotor mechanical angular speed .,

P =T o, (15)

In order to satisfied the system stability condition, the T delay should be considered. From (15),
the required electromagnetic power P_ is expressed as

Pl =P (16
1+Ts
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Where T is a dynamic time constant electromagnetic torque.

PV*SR =P+ Pe’:: (17)

The resistances losses of the converter can be neglected, considering the system delay. From (18)

and (19), the input power open loop transfer function is

R 1
S)=Sto (18)
GVSRO( ) I:Q/SR 1+TITS

P 1
S)=—Ys — 19
Gusio (3) P* 1+4T.s 19)

e

Where pandR, are the fact power of rectifier and inverter, respectively, T . is the time constant of

VSR
the rectifier power, T_is the time constant of the inverter power.

3.4 Analysis of the system stability with the PF
The stability of the system cannot be affected by an appropriate feed-forward loop. From Figure 4,
converter open loop transfer function is:

Ty A+STy )s*(T, +sT,Tir) (20)
@A+sT)A+ST,)T(s)

Udc
T

e

GAO (S) =

where
T(S)=s'CU,T,T, +s°CU.T,, (T +T,) (21)

+SZCU;:T|U - KPU (STIU +1)Udc
In (21), T, is the DC-link voltage filter time constant, andT, andK, are parameters of the voltage

P1 controller.

3000 x

Magniude (d8)

2000

1000

Imaginary Axis

-1000

Phase (deg)

-2000

-3000 x

4 L L n
-2000 -1500 -1000 -500 0 500 10 10 10’ 10
Frequency (rad/sec)

Real Axis

Figure 5. Zero-pole points diagram with the PF Figure 6. Bode diagram with the PF

The zero-pole points and Bode diagrams can be obtained by using the open transfer function, as
shown in Figure 5 and Figure 6, respectively. The zero-pole points in Figure 5 that are near and
coincide can be neglected. The main pole points are on the left side of zero. And the phase margin in

the Bode diagram of the system doesn’t pass through -180°.

4 Results

To verify the correctness and feasibility of the proposed algorithm, simulations are performed by
using Matlab/Simulink. The experimental analysis is carried out based on the TMS320LF2407 DSP
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platform. The parameters of the induction motor are listed in Table 1. During the simulation, the
reference stator flux amplitude is 0.9 Wh. The switching frequency of the inverter is set at 10 kHz.

Table 1. Induction motor parameters.

Parameter Value

Power 55 kW

Voltage 380V

Frequency 50 Hz
Rated speed 1430 rpm
Stator winding resistance 0.0363 Q
Rotor winding resistance 0.073 Q
Stator inductance 0.0232 H
Rotor inductance 0.0232 H
Mutual inductance 0.026 H

Number of pole pairs 2
Moment of inertia 0.0131 kg-m2

When the induction motor operates in the motoring mode, the reference rotating speed is 500 rpm,
and the initial value of the reference load torque is 12 N-m. When t = 1 s, the load should be set as 20
N-m. When the induction motor operates in the regenerating mode, the reference rotating speed is -
500 rpm. When t = 1 s, the load should be set as 20 N-m. The results of the simulation and experiment

are shown in Figures.7-10.
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Figure 7. Waveforms for the motor torque in: (a) motoring mode and (b) regenerating mode

The electromagnetic torque responses changing from 12 N-m to 20 N-m is shown in Figure7,
when t = 1 s. The simulation results show that the torque follows the required electromagnetic torque

quickly.
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Figure 8. Waveforms for the motor torque and current: (a) the waveform using DPTC and (b) the waveform

using DPTC-SVM.
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Figure 9. A phase input current and voltage of the rectifier in: (a) motoring mode and (b) regenerating mode.
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A DC motor is used as virtual load. The experimental results are shown in the following Figures.
When the specific rotating speed is 1000 rpm, the load torque is 20N-m and the motor is operating
stably.

This reduces the stator flux and torque ripples. Compared DPTC-SVM with the traditional
algorithm, the torque ripples is reduced by about 8% which is shown in the experimental Waveforms
Figure8.

The A phase input current and voltage of the rectifier experimental results are shown in Figure 9,
when motor works in motoring mode, the power factor is about 0.98. And when motor works in
regenerating mode, the power factor is about -0.92. It shows that it is up to unity power factor, low
total harmonic distortion (THD), and sinusoidal waveform for the line current. The experimental
results are nearly the same whether it works in motoring mode or regenerating mode. And the voltage
is independent of load or speed changes. So the integration control algorithm confirms the anti-
interference ability of the system.

When motor works from motoring mode to regenerating mode, the experimental waveform of the
motor torque and current is shown in Figure 10 (a). There is a 61% torque overshoot in transformation
statement, and the motor is operating stably within 0.1s. It’s shown in Figure 10 (b) that the torque is
to the steady operation within no more than 0.16s at the starting period. So the system is rapid
response and stabilization.
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Figure 10. Waveforms for the motor torque and current: (a) statement from motoring to regenerating mode and
(b) statement from shutdown to power on

5 Conclusion

An integration control scheme by using the DPTC-SVM algorithm is presented in this paper, which
can realize no static error control of the power and torque. SVM is used to realize a constant switching
frequency for a dual-PWM converter. The rapid dynamic response of the system is improved, and the
active power can be transformed from the DC-link side to the inverter side efficiently. Some
advantages are achieved by The DPTC-SVM algorithm compared with DPTC control algorithm
traditional, such as power bidirectional flow, unity power factor, input-output power matching well,
constant switching frequency for the PWM rectifier and inverter, lower current harmonics and torque
ripples. The simulation and experimental results show the validity of the DPTC-SVM algorithm.
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