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Chapterl: Introduction

It is very much necessary to control the multi-input DC/DC converter connected hybrid wind-
solar- storage based energy conversion system to fulfil certain objectives. The considered work
will have the following advantages: 1) power from the wind turbine or the PV array can be
delivered to the utility grid/stand-alone load individually or simultaneously, 2) MPPT feature can
be realized for both wind energy and, PV, 3) a large range of input voltage variation caused by
different wind speed, insolation and battery charge can be acceptable, and 4) state of charge
(SOC) based smoothing of the output fluctuation of a wind power and PV hybrid generation
system can be achieved. The controlled hybrid system can be considered as an adaptive cognition

micro-units of the grid, with context awareness and fault tolerance.

The research and development in the DC/DC converter and controller will necessarily improve the
wind turbine contribution of power in the system. The power supply topology with theoretical
controller development will be implemented in both simulation and experimental platforms. The
real time performance analysis will build the confidence to prepare a prototype for any site in

India to meet the demand from its own resources.

1.1 Literature review

Yaow-Ming Chen et al. (2002) have presented a circuit topology in which two isolated dc sources

are producing ac power to feed the multi input single output transformer.
There are following features in this topology

Magnitude of the dc voltage source can be different.
It ensures the voltage regulation during the failure of one source.
It can provide electrical isolation.

> w0 e

Authors have presented the conduction time based control of the multi input single output

control utilizing phased shifted control technique
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The work has been upgraded and finally presented by the same author in 2009. Yuan-Chuan Liu et
al. (2009) synthesizes multi input converter (MIC) using basic PWM converters (like buck, boost,

sepic etc.) and pulsating source cell (PSC).

Thre First Inpui-Stage Circuit
(P g

nl, nd, and n3 are numbers of turns
The Outpai-Stage Circuit

3
1S o e

—
The Second Input-Stage Clrenit

Fig. 1.1. Circuit topology of the proposed two-input current-fed full-bridge dc/dc converter [Yaow-
Ming Chen et al. (2002)]

These pulsating source converters are of two types 1.PVSC and 2.PCSC
PVSC It is connected in series with any branch . and a parallel diode is connected
PCSC It is connected in parallel with any branch and a diode in series to block voltage

Quasi-MIC If any PSC is not able to transfer power from source to load but to energy buffer portion
.then these type of PSC can be levelled as Quasi-MIC

-
Vi Co= m,g Vo
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Fig. 1.2. MICs synthesized by the zeta-type PVSC with different prime converters| (b) buck boost
converter. [Yaow-Ming Chen et al. (2009)]

Y. Jiao et. al. (2010) proposed a super-lift converter to achieve high voltage gains. Total “n” number
of super-lift cell connected to form n-cell super-lift dc-dc converters. The operation is transformer less.
It has been explained clearly that there is limitation in small signal modelling because the dynamic
response is limited because high frequency component average out. In that case Sliding mode control
is very helpful. Sliding surface can be chosen either from error, its integrals, double integrals but this
requires comparatively larger time for system representing point to reach steady state point. This
results in large current and voltage overshoot. This problem can be reduced by preparing a sliding
surface consists of state variable and their error from sliding surface. This will increase the complexity

in designing the controller.

Here sliding surface is chosen as

S=1i, +aV,+b j(/wo — Vyer)dt + mﬂ ((AV = Vies)dr) dt

1" VL cell P VL cell 0 VL cell

{1, 1 [y Dy

d o= [ —|—
. D Dy
L hi An7
e B e — )

]
L
=

¥

v
x

9]
£l

Fig. 1.3. Generalised circuit of the super-lift converters with n-cell cascaded structure [Y. Jiao et. al.
(2010)]
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Saeed Danyali et al. (2014) later propose new topology in multi input source system. This topology
has a features of single stage power conversion. This unique feature has the ability to achieve upper
hand in power loss, size. The topology is presented in Fig. 4. The middle boost converters are current
bidirectional and connected to the dc-link of the common battery, while the other ones (i.e., i =3, ..,
n)are current unidirectional and fed from separate input dc sources (i.e., Vi3, ... Vin). The first aim of
using the battery storage is to supply or absorb the power difference between the total generated dc
power by the input dc sources and the load power. In this hybrid system, all kind of rechargeable

batteries and also ultra-capacitors are applicable.

Fig.1. 4. Proposed converter structure. [Saeed Danyali et al. (2014)]

The AC signal is achieved by applying the phase shift in ripple voltage at two pole through switching
sequence. C1 and C2 are value 47 pF. Small signal analysis in the system modelling has been done to

achieve the control law. Control is done through pole placement control method

In overall efficiency of the system is more 90% under experimental environment.

Independent control for each input can be done with proper decoupling on the dynamics. Mohammad
Reza Banaei et. al. (2014) has said that the topology reduces the current stress and provides the high
voltage gain which is higher than the summation of input voltages. This paper also represents the total

loss that occurs during the power conversion.

Proposed scheme verified against the double input converter system. In which inner converter is

basically a buck-boost converter and outer one is the boost converter.
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Fig. 1.5. Circuit of the proposed multi-input DC/DC converter [Mohammad Reza Banaei et. al.
(2014)]

B. Mangu et. al. (2016) proposed a topology with following characters:

» Exploring a multi-objective control scheme for optimal charging of the battery using multiple

sources.
* Supplying un-interruptible power to loads.

* Ensuring evacuation of surplus power from renewable sources to the grid, and charging the battery

from grid as and when required.

Therefore, the MPP operation is assured by controlling IL, while maintaining proper battery charge
level. IL is used as inner loop control parameter for faster dynamic response while for outer loop,
capacitor voltage across PV source is used for ensuring MPP voltage. An incremental conductance
method is used for MPPT.
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Fig. 1.6. Operating modes of proposed multi-input transformer coupled bidirectional dc-dc converter.
(a) Proposed converter configuration. (b) Operation when switch T3 is turned ON. (c) Operation when
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switch T4 ON, charging the capacitor bank. (d) Operation when switch T4 ON, capacitor C2
discharging [B. Mangu et. al. (2016)].

Mahdi Azizi et. al. (2016) proposed a novel converter with considerations as one of the inputs must
be a battery pack, and three power switches per leg., as shown in Fig. 7. This is able to reduce number

of driving circuit. The circuit operates in three mode of operation

Boost mode: lower switches must be on (s3,s6). State of other switches determine by the required
output voltages. Turning off lower switches causes current to flow through antiparallel diode of lower

and upper switches.

Buck mode: only the energy storage element can operate under buck mode. when middle and upper
switches of the leg are conducting the energy following through inductor and battery. In the second
interval that lasts for (1 — d1)Ts, lower switches are ON and middle and upper switches are switched
ON/OFF according to the required output voltage vector.

Inverter mode: If all the lower switches are on it will deliver any desired voltage within the range. If

all the lower switches are off it will only generate two level of voltages.

An S-MIC (semi isolated multi-input converter) consists of a forward-type I-PVSC(isolated pulsating
voltage source cell) and a buck-boost prime converter is proposed for the hybrid PV/wind power
charger system to realize the MPPT function for each PV/wind source by Cheng-Wei Chen et. al.
(2015). High voltage power source with large magnitude fluctuating at high rate is fed at isolated

power source while small power source is fed in non-isolated manner. The scheme is shown in Fig. 8.
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Fig.1.7. Proposed multi-input converters (a) two input converter, (b) three input converter and (c) four
input converter [Mahdi Azizi et. al. (2016)]

mode | State of the switches

I Slon; S2on D2,D3;D4 turned off; both supply energy storage component
L1

I S1 on; S2 off D1;D3 reverse biased; wind supply the energy to inductor L1
and also to the battery

Il S1 off; S2 on PV power source will charge the inductor L1 and energy
stored in the transformer will free wheel through the source

vV S1 off; S2 off D2,D4 are forward biased; transformer will be reset and
energy stored in the inductor will charge the battery
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Fig. 1.8. Operation modes and equivalent circuits of the proposed hybrid PV/Wind battery charger. (a)

Mode 1. (b) Mode II. (c) Mode I11. (d) Mode IV [Cheng-Wei Chen et. al. (2015)].

Some DC renewable energy sources are integrated to 3 level DC-DC converter by Serkan Dusmez et.

al. (2016). The transformer is isolating the input and output

(h)

Fig. 1.9. Operation intervals of the converter. (a) Interval 1:t < t0 . (b) Interval 2: t0 <t <tl. (c)

Interval 3: t1 <t<t2.(d) Interval 4: 12 <t <t3. (e) Interval5: t3 <t <t4.(f) Interval 6: t4 <t <t5.

(9) Interval 7:t5 <t <t6. (h) Interval 8: t6 <t <t7. (i) Interval 9: t7 <t < t8 [Serkan Dusmez et. al.

(2016)].

10
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Design of different component is given. Also for stable operation duty ration expressed.

Rui Ling et. al. (2016) described the synchronous buck converter is basically a buck converter with
the diode replaced by the semiconductor switch. Here second order sliding mode control is presented
with the help of improved sub-optimal algorithm. Sliding surface consists of only voltage error. State

machine realization of sliding mode control is also described.

= s,

Fig.1.10. State-machine controller based on the improved suboptimal algorithm [Rui Ling et. al.
(2016)]

Sliding mode dynamic controller is presented by S. Zerkaoui et. al. (2009).
Sliding surface chosen as §;(t) = e;(t) + a fot e;(1)dt
Where ei(t) = Ki [ILi - ILi—ref] + K3 [Vbus - Vbus—ref]

Authors propose a non-linear switching control input ¥, (t) = — Zli_—((tt))sign(di(t))
l

This helps to estimate the upper bound of the uncertainties and external disturbance. In order to reduce

the chattering ‘sign’ function replaced by saturation function
sign(6),]6| > 0&{ >0

sat(6(t),{) = ?I(SI <¢

11
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yi(t)

Ultimately equivalent SMDC rule can be designed as ¢; (t) = ¢,q:(t) — H-_@5at(5(t)’ ')

Fig. 1.11: MIMO sliding mode robust control scheme [S. Zerkaoui et. al. (2009)]

Lin Xu et al. (2016) proposed an improved optimal sizing method for WEB-HPS, which can take the

following factor into the account

(i) the operating reserve capacity, (ii) the battery charge/discharge current, (iii) the charge/discharge

rates and (iv) the charge/ discharge cycle.
Three important parameters are taking into account while optimizing the size.

1. loss of power supply probability (LPSP)

> [PL(ti) = (Pue(ts) + Pou(ti) + Pos_acn(ti)]
LPSP = =1

3 Pr(t;)

=1

2. Fluctuaiton rate between solar and wind (D)

= P—L AN"

i=1

Dy, : J v Z(Pw,._(i.;) + Ppv(ti) — Pr(t:))?

3. power fluctuation (Dgys)and standard deviation (STD)

Pandurangan Shanthi et. al. (2017) employs the circuit topology, consists of two converters, grid
side converters and wind side converter. DC bus voltage reference is generated through MPPT
controller which is applied on PV system. With the Vref and the output voltages of WSC the error

signal fed at SDM (synchronous detecting method) through PI controller. Then there are other two

12
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signal i.e. voltages of wind generator and input current of PMSM are also fed at SDM. From SDM
reference current for WSC generated.

Total generated power and grid side current and voltages are fed at GSC side SDM from which

reference current for GSC generated .Then hysteresis controller applied on (lyref— lgxyz~ Ixyz_gsc) -

_ AC GRID
g Lig
W [ 1]
l, _g';'lj TR
2z g ¥ \l \F

Linear+Non izmyz Vs
Linear Load

Fig. 1.12. Schematic representation of wind/PV hybrid system [Pandurangan Shanthi et. al. (2017)]

Some other basic controllers are also developed in the literature. Interestingly Veerachary Mummadi
et. al. (2008) integrated double buck-boost converter in the work. Low voltage source is controlled by
current controlled loop while the high voltage source is controlled by voltage controlled current loop.
Relationship between states and duty ratio under small signal variation is established.

13
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Fig. 1.13. Control of Multi-input Buck-Boost Converter [Veerachary Mummadi et. al. (2008)]
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Chapter 2: Modelling of the system

In this work the proposed multi-input dc—dc converter is the fusion of the buck-boost and the
buck converter with a battery storage based generation system at the inverter output. Syntheses of
the multi-input dc—dc converter will be done by inserting the pulsating voltage source of the buck
converter into the buck-boost converter. In order not to hamper the normal operation of the buck-
boost converter and to utilize the inductor for the buck converter, the pulsating voltage source of
the buck converter must be series-connected with the output inductor.

The system consists of the systems as per the following figure:

AC aripir

I

I

I

froums T
Tnverter

I

I

|

|

|

Commected
Bae 3
Seorage

Fig.2.1: The multi-input inverter topology to connect wind-solar-storage based system

Modelling of the system components has been completed. The transfer function of the multi input
converter (MIC) is found as:

The transfer function is developed as:

Vo Vo |
d d,| - NI
[G]:{g“ g”}: .t 2 |=C(sI-A)'B+D €Y
ng g22 iLO iLO
_dl dZ_

15
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Where
) (1- D, )V, ~ (1-D)(Ye +VLO)_S N
Vo _ LC, Vo LC, C,
Tdo, s (D) Y ode ¢, S (=D
R,C,  LC, R,Co  LC,
1 |V
. DZ[S+jH [ 1 j(vcwwj D,(1-D,)I,
; A D,| S+ -
=10 R.Co '—21 o o 2T R,C, L Co
22 L
o o, s  (1-D) ds g2, S ,(-D)
R.Co LC, R.Co LC,

Fig. 2.2: The MIC with proposed PV and WIND system based grid connected simulation model.

The variation in the output voltage with the system is found in open loop as:

16
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Fig. 2.3: Variation in output voltage for different duty ratio of the devices

2.1 Hardware fabrication of the system

The system shown in Fig. 2.1 is fabricated in hardware and shown in the Fig. 2.4

Oscilloscope

nd Probe
and Software

Multi-input
DC/DC converter
fed 3 phase
inverter

2.2 kw DC Shunt
Motor coupled with
1HP Slip Ring
nduction Motor

2HP DC

Fig. 2.4: Laboratory prototype of the proposed system

17
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Chapter 3: Bifurcation Analysis of the system

A controller is developed to carry the bifurcation analysis.

A modified hysteresis band based control scheme is used to control the output voltage of the converter.

The error signal is amplified in first stage of the controller, and considered as the control signal in next

stage. The control signal is compared with a carrier wave signal for generation of PWM signal for S, .

PWM: for S1 cLk puLsk (Ts)

Q S : 1 Ve Verror
LATCH _ Error Amplifier
R
+
or }

Comparat

Vu

Vramp

Vi

Ts

Fig. 3.1: Voltage Mode Controller for PWM1

PWMz2 for S2 CLK PULSE

J - R S @
. LATCH

+
Comparat

Fig. 3.2: Current Mode Controller for PWM2

The MIC is represented using discrete time mapping model. This model is numerically iterated to

develop the bifurcation diagram for this converter. These diagrams convey the information about

18
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bifurcation path of

138

this converter. Bifurcation diagrams are the basic tool to study the change in the

system behaviour in response to the variation of control parameters.

Fig 3.3 (a) represents current bifurcation diagram and Fig 3.3 (b) represents voltage bifurcation
diagram. From both of these bifurcation diagrams one can infer that,

As the reference current changes, at its value more than 4.25A the converter enters period-2
bifurcation region and after the value of 4.65A the converter enters period-4 bifurcation region.
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=
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irefl, (A)
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Fig 3.3 Bifurcation diagram for variation of I, withV, =60V,V, =30V andV,, =48V

(a) Current and (b) Voltage Bifurcation diagram.
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Implementation of the control in simulation environment has been accomplished successfully.
The period 1, period 2, and period 4 operations are shown for the inductor currents as follows.

Case 1: Inductor current reference is set at 3.6A and voltage reference is kept at 48V

INDUCTOR CURRENT

Case 2: Inductor current reference is set at 4.6A and output voltage reference is set at 48V

\/

\/

A\

\/

TIME (s)

2‘83 0.3001 0.3002 0.3003 0.3004 0.3005 0.3006 0.3007 0.3008 0.3009 0.301

Fig 3.4: Inductor current atl , =3.5AandV,, =48V
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Case 3: Inductor current reference is set at 5A and voltage reference is kept at 48V
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Fig 3.5: Inductor currentat /,,, =4.64andV,,, =48V
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Fig. 3.6: Inductor current at 7,

=5AandV,, =48V
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Investigation of Nonlinear Phenomena of MIC in Real-time Environment

In order to verify the different nonlinear phenomena of the considered converter, an experimental

scheme has been adopted.
The hardware results with the same cases are presented here:

Case 1: Inductor current reference is set at 3.65A, reference voltage set at 48V

Tek .. @ Stop MPos:1200us  Tek  .JL. @ Stop M Pos: 448.0us
+ 2 REFERENCE '/_I\HI CTOR
CURRENT CURRENT
N \1::::'::':
CARRIFE R
WAVE
3v--- ‘-'[-—-‘ L-J €« L~ [; ﬁ:: [~ |~ l
CONTR( )l
4q» VOLTAGE
d
CH2 500v  M100us CH2 1.004 M 100 us
CH3 500v  CH4 500V CH3 500v  CH4 S.00v
(a) (b)
Tek Ay @ ft0p M Pos: 880005  Tek A= % @ Stop M Pos: 184.0us
REFERENC REFERENCE INDUCTOR
/E CURRENT (URRl\I '/( URRENT
N B N A T N v \/"“\/"\/’“‘\ """"""" I
‘\I\nu TOR
CURRENT
200ps
200ps

Al *’L“L_r‘tg_r__rﬁ.,.. Wiy
1 ThTTh ol )

i
N

n-/‘ d-/‘
CH2 1.004 M 100 s CH2 1.004 M 100 us
CH3 S.00v CH4 S.00v CH3 S.00v CH4 S.00v
(c) (d)

Fig. 3.7: (a), (b), (c) and (d) are hardware results for reference current 3.65A,
Here it can be observed that, for this reference current the converter shows period-1 operation.

Case 2: Inductor current reference is set at 4.64A, reference voltage set at 48V

21
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Tek Al ® Stop M Pos: 48.71ms ’[‘ek Ju ® Stop M Pos: 47.08ms
« -

INDUCTOR REFERENCE
l URRENT (‘URRF\T

PR 1_ , \/’\/\/’V\/

5 ‘\('0.\ TROL p
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‘\d 400ps
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Fig.3.8: (a), (b), (c) and (d) are hardware results for reference current 4.64A
Here it is observed that, for this reference current the converter shows period-2 operation.

Case 3: Inductor current reference is set at 5.25A, reference voltage set at 48V

22
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Fig.3.9: (a), (b), (c) and (d) are hardware results for reference current 4.64A

Here for this reference current the converter shows period-4 operation.
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Chapter 4: Control of the system

4.1 Pl Controller

A decoupler based PI controller is developed.

188

To eliminate the effect of the cross-coupling transfer function the decoupler is proposed and the complete

structure is presented in Fig. 4.1.

_9» 1
d, d g
D — 11 12:|: 21
D] Lﬂ ' IR (4.2)
01
- Filter |—=
imm U d Io
»-fé—Comrollerl r|id” dlz} > {g“ gm];
v
Controller 2 > dy dy w1 & &xn
2 Decoupler System

-

-

Fig.4.1. Structure of the close loop control of the Multi Input converter

The current controller (k1) is designed with gain cross over frequency 468 rad/sec and phase margin 62.8°. The
voltage controller (k2) is designed with gain cross over frequency 300 rad/sec and phase margin 64.2°,

Bode plot of current control loop
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Implementation in Simulation Environment

The performance of the converter is investigated through implementation in MATLAB-SIMULINK

environment. The system parameters are tabulated in TABLE 1.

To observe the performance of the controller during variation in reference voltage command, voltage

reference changes from 48 volt 58 volt at 0.7sec, and it has changed again to 48 volt at 0.9secc.

TABLE I
Parameter Values
SI.No. Parameter Value
1 High Voltage Source 60 V
2 Low Voltage Source 30V
3 Inductor 1mH
4 Capacitor 470 uF
5 Switching Frequency 20 KHz
6 Load Resistance 19.2 ohm

During this period, the output voltage settles within 18 msec with an overshoot of 1.2%. Further, at
0.9 sec the output voltage reaches 48 V within 20msec with undershoot of 2.29%. The waveforms of
output voltage, load current, source current of the low voltage source, duty ratio d,andd, have been
shown in Fig 4.4, Fig 4.5, Fig 4.6 and Fig 4.7, respectively. The low voltage source current maintains
the reference level, 1A, with some small disturbances, as shown in Fig. 4.6. The disturbances in low
voltage source current, during increment and decrement in reference output voltage, reaches 10%, and

settled within 16 msec. The decrement in d,in Fig. 4.7 ensures the maintenance of power delivery

level of low voltage source. The increment in the output voltage and output power, thus, is supported

by high voltage source only.

70 4
—Reference voltage

- —Actual voltage .
Z <
960t t . -
] 3 / \
< Eb—_pe g R —
z 3
250¢ L 2t
- 3

40 1 1 L 1 1 1 1 I | L 1 1 L 1 1

06 065 07 075 08 085 09 095 | 06 065 07 075 08 08 09 095 1
time (s) time (s)
Fig. 4.4.. Reference voltage and output voltage during Fig. 4.5. Load current during variation voltage
variation voltage command command
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To verify the effectiveness of the controllers, 50% load variation is introduced keeping the
voltage reference at 48V and current reference of low input source at 1A. The load current has been
increased from 2.5A to 3.75A at 0.2 sec. Under this change, the output voltage undergoes a transient
and settles to 48V at 18.2msec with an overshoot of 4.1%. At 0.4 sec the load is returned back to
previous value. Consequently, the output voltage settles to 48V within 26msec with undershoot of

4.1%. The waveforms of voltage, load current, source current of the low voltage source, duty ratio d,
andd, have been shown in Fig. 4.8, Fig. 4.9, Fig. 4.10 and Fig. 4.11 respectively. The increment in
load power in this case also been supported by high voltage source only. The low voltage source
current is maintained at the reference level, as shown in Fig. 4.10. The disturbances, created because

of these load variations are settled within 28 msec. The duty ratio d, decreases as shown in Fig. 4.11.

It is thus clearly observed that the controller is performing successfully even under high load

variation maintaining the output voltage as well as the current of the low voltage source at their
corresponding reference value.
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4.2 Implementation of the Pl Controller in real time platform

In closed loop control, first, variation in the reference of the output voltage is observed and the
response is shown in Fig 4.12a. The low voltage source current experiences insignificant change in
real-time which is shown in Fig. 4.12b. The duty ratios undergo similar change as obtained in
simulation. The duty ratio curves are shown in Figs. 4.12c-4.12d. The output voltage reaches the

reference value within 40ms which are depicted in zoomed view as well in Fig. 4.13.
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Fig. 4.12. Waveforms during variation in output voltage in real time

(a) Output voltage, (b) Source current of low voltage source, (c) duty ratio d1, (d) duty ratio d2
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4.3 sliding mode controller (SMC)

A sliding mode controller (SMC) for the MIC has been developed here.

A hysteresis band (HB) based sliding mode controller is developed to control the proposed multi input
converter. Its stability analysis also is performed to ensure the controlled variables, which are

dependent on each other, to reach the desired band simultaneously.

This control scheme of the MIC is portrayed in Fig. 4.14.
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Fig. 4.14: Overall control strategy with hysteresis band based SMC controller for MIC

A. Controller objectives

The control scheme depicted in this work must achieve the desired level of controlled variables i.e.

inductor current and output voltage very fast and simultaneously. These controlled variables must be

maintained at reference band during increment in load and decrement in supply voltage.

B. Control configuration

Both inductor current and output voltage are compared with their corresponding reference value. The

errors pass through sliding surface to generate the gate pulses according to the control law. The
hysteresis bands are shown in Fig. 4.15.

In order to apply hysteresis band control for two switches of the selected converter, two sliding

surfaces are chosen as:
S, =i, —i

L

S, =V Ve =V -V,

Now the variable structure control for two switches is described as follows
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Fig. 4.15: Pattern of inductor current and output voltage during different durations in a switching time preoid

Output
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Analysis of sliding mode control

Stability of the Hysteresis modulation based sliding mode controlled DIBBFC
To examine the stability of the HM based sliding mode controlled DIBBFC Lyapunov approach, let consider a
Lyapunov function

V(s,t) =0.5s7 +0.55
1)

V(s,t) =58 +5,8,

)

Which, following eqns (1), (2), (14) and (15) yields V (s,t) = —[ s,i, +5,Y, | .

Now each sliding surface has two polarities. So, two sliding surfaces give rise to four sets of sliding
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possibilities.

Casel: s, >/ and s, <-«a

Therefore U, =0 and U, =1

/ VH+VLO _V_c
V(X)Z{Sl( ] j“z[ RCH

Which V (x)<0

di
Case Il when : =<5, < 8 ,d—tL>0 and S, > @

Therefore U; =1and U, =1

V(x) = —[sl (Mj +Ss, [—V—Cﬂ
L RC

1

Case Ill when S, <=/ and S, > &

Therefore U, =1and U, =0

V(X) =— Sl(Mj_Fsz(i_L_v_cj}
L C RC

= — Sl M +SZ I_L_I&
L cC C

; . P . L iLR_VC
To ensure V <0, the following condition is obtained S <——| ——— |& (4)
RCV, -V,

Case IV: when S, <—f and S, <—&

Therefore U =0and U, =0

. -V, Y

V(X)=—|s| —% |+5,| = ——%
* {I(L] Z(C RCH

. L ({1,R-v,
To ensure V <0, one must have [7’>—£ - £ J(Z (5)

RCl v
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Following the equations it is evident that the variable § must be in the following range to ensure the stability of
the system.
L (i, R-vV, L (i,R-v
_— | 'C a<ﬂ<_ L C a (6)
RC{ v RC{ V, -V

With the above condition satisfied for HM based SMC control algorithm, the system can be said to be
asymptotically stable. With the proposed control law, the states are shown to reach their equilibrium
points starting from their operating points. Both the sliding variables reach the hysteresis band and
stay in the hysteresis band simultaneously.

Implementation of the control in simulation environment has been accomplished successfully.

The sliding mode controller is implemented and considerable improvement in the current controller is
observed. The results are as below:

At 0.75 sec the reference of inductor current has changed from 3A to 4A.The current controller acts
very fast to meet the reference with no overshoot. The output voltage maintain at desired level with
negligible disturbances. Again the reference value of inductor current has changed from 4A to 3A at
1sec. The inductor current follows the change almost instantaneously. The output voltage is hardly
suffered from any disturbances. As the load is purely resistive similar changes have observed in the

load current as in output voltage. Differen waveorms during change in inductor current is shown in

Fig. 4.16
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=
3
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Fig. 4.16: Response of the converter during change in reference of inductor current: (a) Output
voltage, (b) Load current, (c) inductor current

Implementation of SMC control

Some of the results are as follows.

The output voltage reaches the desired value in 10ms while the inductor current suffers a variation
for 5ms. When the output voltage is decrased from 60V to 50V within 30ms,the inductor current

hardly experiences any disturbances. Nature of inductor current and output voltageare presented in
Fig. 4.17. during variation of outpur voltage in real time.
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Fig. 4.17: Variation in the output voltage in real time : (a) increament in output voltage, (b)
decrement in output voltage

The inductor current is found to reach the increased reference of 4A from 3A almost instantaneously

without affecting the other controlled variable, output voltage. The output voltage and the inductor
current are portrayed in Fig. 4.18.

The load disturbances are introduced in the experimental setup. The load is increased by 33.33%
almost in step. The inductor current and output voltage are fixed at their reference values. The

waveforms of the output voltage, inductor current, load current during load disturbance are present in
Fig. 4.19.
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Fig. 4.18: Variation in the inductor current in real time : (a) increment in inductor current , (b)

decrement in inductor current
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Fig. 4.19: Response of the converter during load disturbances in real time
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Chapter 5: Control of Wind Energy Conversion System

The aforesaid converter will be using solar PV and wind energy sources at its two inputs, as presented
in Fig. 2. Accordingly a control scheme is developed to utilise the generator at a stand-alone/ grid-
connected system. The generator output in stand-alone will be taken from the AC output of the load
side converter. The same generator output will be utilised by the MIC, by connecting the high voltage

terminal of it, at the DC link of PMSG system. The scheme is as follows:

Synchronous Measurement
Generator grid point M
/_\‘ 2w o
| ) z L + L ¥
“ \_/ LFf f S
; : 4> ;
. : PWM pme | PWM i .
H de H
Qc "
" Mgt .
=P [ Machine-side Grid-side P
. ™ T e :
o rofor controller controller o™ : H
" g ? H "
e PMSG control level =gd
S A J Y
- o 7 2
/} ] I‘zonv;’ (L);ﬂd .l de ¥  re _ =3
' ' f2zzszsazssssssssssszass """""""" i\ Grid
Cross - coupling Qeiiasnssasssimasotsisimiaiaeissisiossd (IR
prea i control !
.............. gid ; system E
B S g e LS VRt H ;
Wind turbine control level Pe B !
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Fig 5.1: Scheme of Wind Energy Conversion System from PMSG

The Controllers are presented below:
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The load side controller is analysed in frequency domain and are presented as:
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Fig. 5.2: DC Link Voltage Control Structure for Converter-1
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Fig. 5.3: Load side VSI control structure
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Fig. 5.4. The load side converter (a) Current control loop, (b) Voltage control loop, (c) Bode plot for

compensated current loop, and (d) Bode plot for compensated voltage loop

The PMSG based system is implemented in simulation and real time environment)

The PMSG based wind energy conversion system has been implemented in stand-alone mode. Some

results are as follows:
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Fig. 5.5: Simulation response of various parameters due to d-axis load voltage change (a)d-axis

component of load voltage (b)d-axis filter current (c) dc-link voltage (d) AC load voltage

The d axis component of load voltage is changed for the PMSG in this case. The load voltage
controller settles within 0.8 sec and the current controller is found to be tracking the reference

throughout the operation.

The Speed of the wind generator has changed in both step and following the nature of change in wind.

The nature of wind speed change is considered from the existing literature.

The controllers are found to accommodate the speed changes and successfully maintaining the DC link

voltage and load voltages in these cases.
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Fig. 5.6: Simulation response of various parameters due to speed change (a)generator speed, (b) dc

link voltage, and (c) d -axis component of load voltage

A novel approach on soft transition from stand-alone mode to grid-connected mode for
uncontrolled prime mover driven squirrel cage induction generator (SCIG) based wind energy

conversion system and implementation is happening in simulation environments.
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The power generation scheme presented in Fig. 5.7 operates both in stand-alone mode to grid-

connected mode.

The transition from stand-alone mode to grid-connected mode is possible through a grid connecting
switch. The is grid connecting switch operated by one block whose function is to detect the grid and

synchronize the grid and load voltage after appearance of grid.

Wy i . r If H_.
DSEGFET -
0 — i L
SCIG MSC LSC lfl;: At T upr
Ccf .
v Grid

 connected
switch

Figure: 5.7- System configuration

The aforesaid scheme is designed to achieve the following objectives as:

1. The machine side converter (MSC) and the load side converter (LSC) are controlled to maintain
constant load voltage amplitude and frequency during stand-alone mode.

2. The smooth grid synchronisation is achieved with a novel virtual active and reactive power
control technique. Additionally power regulation is made possible during grid connected mode of
operation, with the help of this control.

3. The virtual power control is able to generate direct inverter voltage vector and its angle in
synchronously rotating reference frame, without separate phase locked loop (PLL) and frequency
measurement.

4. The MSC is controlled by three stage control technique, to maintain the dc link voltage,
throughout the operation

The controllers for MSC and LSC are presented below as:

40



2006

8098/20238/T&R
To MSC 0f<::/_— PWM
SCIG generator
"""""""""""""""""""""""""""""" ., 3
d-axis
current
control
J:: Flux .
UPRNORUORUOMONRUUORRIE ) 15 e— Jjo,
v, =) =3
i, B\ i s O
V Dc link % qeaxis
p voltage i
i control control [ Vr (a)'"r - wék) :
(a) Control strategy of MSC
Clarke T/ F d-axis Voltage ! d-axis Current Il’lVCI‘SC Inverse
i— e 4 Y —a Park T/F  Clarke T/F
i —|abc —> af R4y Lar
i j ' PWM
J‘ g I laﬁl Vaﬂl Generator
“ l v Yy /
6
Park T/F 0!,3 = dq |
¢ ¢ li %= q-axis Voltage q-axis Current TO LSC
control Control
l tﬂ de o
(b) Control strategy of LSC during stand-alone mode
SA Mode ‘lyt 1!
‘-H“". I./L VdLg
.............. / Vo
314rad/ s I ,‘:
g O _,.—I Pmax "10-*-------(5;);;1;1.1;1;1;;]; -------
: GST 6 " or A0S
H Mode ' Mode
| j 0
el i
4 [
é 1:; alf;dtQ . Compoui‘tatll}m PWM To
¢ i——calculation J
Pl Co | Generator| s~ LSC
: GS and GC Mode

........................................................................

Figure: 5.8: Control strategy of LSC during grid synchronization (GS) and grid connected (GC) mode

The grid angle(d, ) and inverter voltage angle (€ )is generated through the virtual power control

depicted above. The application of controller ensures zero exchange of power between inverter and the
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grid at 3.5 s as shown in Fig. 5.8. The corresponding inverter and grid angle are as shown in Fig.5.9.
During GC mode zero exchange of active and reactive power between inverter and grid up to 9 s is
shown in Fig 5.10. The increment in inverter angle is found in Fig. 7 (a) with the increase in active

power command.
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Fig. 5.9 Inverter and grid angle during Fig. 5.10 Scenarios of inverter and grid angle
transition from the SA mode angle to grid angle during GC with virtual power and power

regulation mode

The LSC controller is working successfully to keep the load voltage magnitude and angle fixed
during stand-alone mode. The transient changes of the load and grid voltage during the process of
synchronisation are as shown in Fig. 5.11 (b), Fig. 5.11 (c) respectively. Initially, the SA mode of
operation is established with fixed magnitude and angle of load voltage vector. The change in the
angle of load voltage vector is portrayed in Fig. 5.11 (b). The initial difference in angle between load
voltage (Phase R) and the grid voltage (Phase R) diminishes within 10 ms. The action of power
controller, at 5 s, is observed in Fig. 5.12 (a). The application of virtual controller has changed the
load voltage to keep the power exchange between generation unit and grid at zero level. This is
achieved by making A& to zero as shown in Fig 5.10. As explained before during this scenario active
and reactive power reference is set to zero. Finally the synchronisation is done at 8 s and the smooth

transition is portrayed in Fig 5.11(c).

> 3
~40¢ SA mode with Load 12 S
5ol voltage control | 2 S ’
300035 4. 45 s/ -
me(s)  Gsmodewith 345 35 3.55 2
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Fig. 5.11 Simulation Results for (a) Transient performance of load voltage during transition from fixed
voltage reference to Vdg at 4 s, Responses of load and grid voltage during (b) Fixing the SA mode
angle to grid angle (¢) GS to GC mode

The virtual power control is operated to obtain desired power output by the distributed generation unit
in this work in grid connected mode of operation. The initial value of reference power is set at 0 W as
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shown in Fig.5.12. The actual power (P) reaches the set point 100 W immediately at 9 s, as shown in

Fig. 5.12 (a). The angle difference between inverter and grid, as shown in Fig.5.9, and demand the

generated voltage, is found to be leading to the grid voltage, as shown in Fig. 5.12.(b).
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Fig. 5.12. Simulation Results during virtual power control implementation (a) step change in active

power, (b) Response of inverter and grid voltage

The dynamic performances for the machine variables are depicted for all the three cases. The three
stage control technique as is used for all the cases. The dc link voltage is maintained at 200 V
throughout the operation as shown in Fig. 5.13

2 T T T T T
250
g 0 i 7
vde de —_
= / ' <2 _—-7_7_“
5200 ﬁ—% p
= S 4t Z Lo J
= iq iq
6 i
1504 5 7 ] 9 10 4 5 6 7 8 9 10
Time (s) Time (s)
(@) (b)

Fig.5.13. Transient analysis of machine variables during three operating modes (a) dc link voltage (b)

g-axis component of machine current

Development of PMSG based wind energy conversion system for grid in simulation

Structure of the grid connected based is presented in Fig 5.14
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5.14.: Block diagram of PMSG based wind energy conversion system to Grid.

At 6 sec the active power is increased from 175W to 275 W and the reference level is brought back to
nominal value at 9 sec. The DC link voltage maintains it reference level during this period. This

smooth supply of power is maintained even at the presence of the random variation of the speed of

prime mover.
400 T T 110 T T 1200 T T .
= I:Act.ual power r[ —Actual voltage =
300 Reference powe 1 —Reference voltage| 51000 1
5] H e T HH fy | -
z i Z bbb Lot " P |
£200 l‘\. | L— %mu ettty 800
v T - = 8 ]
£100 g O U s Y s 5 o0
5 o I e %0 e M e | |
0 - : . ° 5 6 7 8 9 10 4003 9 10 11 12
3 6 Time (s]8 9 10 Time (s) Time (s)
(a) (b) (©)

Fig 5.15: Active Power Change : (a)Active power, (b) DC link voltage, (c)Speed
The reactive power is changed from -200 VAr to -100 Var at 11 sec and is return back to nominal

value at 15 sec. During this period the dc link voltage and reactive power is held at constant.
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Fig 5.16. Reactive power change: (a) Active power, (b)Reactive power and (c) Dc link voltage
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Fig.5.17: Simulation response of various parameters due to speed change (a) generator speed, (b) dc
link voltage, (c) d -axis component of load voltage, and (d) g-axis component of machine current

The real time implementation of the same is presented here:
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Fig.5.18. Experimental response of various parameters due to d-axis load voltage change (a)d-axis

component and (b) g-axis component of load voltage,(c) d-axis component and (d) g-axis component

of inverter current, (e) dc-link voltage, and (f) prime mover power.
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Chapter 6: Control of the forward Inverter

The direct power control for the inverter is achieved with the following scheme.
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Figure: 6.1: Instantaneous active and reactive power control.

The system is implemented in simulation with scaled version. The change in active power flow is
achieved as below:

In figure 5.19, the Active Power varies from 90w to 120w. The Active Power settles within 0.05sec in

this case.
| ' == Actual power
100 - -Reference power,
B '/
-
i I 4
g 50 |
)
[a W
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0.15 0.2 0.25 0.3

Time(s)

Figure: 6.2- Actual Active power and Reference Active power.

The reactive power is maintained at 20w throughout the operation.
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Figure: 6.3- DC to AC Reactive Power.

The space vectors to achieve the power control is shown in real time as follows:

The power has varied from 30w to 100w in a step, and the actual power reaches the reference within

0.05 sec. The nature of variation is portrayed in Fig. 6.4.

The sectors during low power supply and the corresponding vector selections for this direct power
control are shown in Fig. 6.5 and Fig. 6.6, respectively.
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Figure: 6.4:- Active power variation for the inverter output.
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Figure: 6.5- Sectors at low power supply Figure: 6.6- Selection of vectors at low power
supply

The sectors during high power supply and the corresponding vector selections for this direct power

control are shown in Fig. 6.7 and Fig. 6.8 respectively.
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Figure: 6.7- Sectors at high power supply  Figure: 6.8- Selection of vectors at high power supply

** |t is observed that active vectors are mostly used in high power supply, supporting the logic of

direct power control.
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Chapter 7: MPPT operation of the PV for the converter

The completer structure of thre proposed MPPT scheme is presented below. The power circuit of
DIBBFC is presented in Fig 7.1. The output voltage is controlled through a designed PI controller and
is being implemented by using the upper switch (SW1). The PV voltage and current are taken as
feedback and are fed to the PO based algorithm to generate the current reference corresponding to the
MPP operation. The current control is achieved through the development of an SMC and is
implemented through the lower switch (SW2). Switch (SW2) is performed the role of buck-boost
operating part while switch (SW1) incorporating the buck nature in that buck-boost converterSince
upper voltage source is integrating with the high voltage source and the lower switch is integrating
with low voltage source, the output operating voltage is preferred to be a value within the range from
the magnitude of low voltage source and the magnitude of high voltage. The PV voltage and current
are observed and power is calculated in each specified instant and is being compared with the same of
the previous instant. The flowchart is presented in Fig 7.2.The current reference is chosen instead of
duty ratio to have the better resolution in operation. The selection of perturbation time and
perturbation step size is very critical to achieve the satisfactory performance of the PV source. Larger
perturbation time produces sluggish performance. While larger perturbation step size may improve the
transient performance, but also increases the steady-state oscillation. For this work, the perturbation

time is chosen as 0.05 sec and the step size is selected as 0.25.
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Fig 7.1: Overall control scheme of DIBBFC
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Sense the Vev(K)
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Fig 7.2: Algorithm of PO based MPPT to generate current reference of the SMC.
Results of MPPT operation:

Casel: Attainment of MPPT operation

The above-stated system is operated at the low voltage source current of 3.5A and the output voltage
of 75 V. At 0.1 sec, the MPPT operation of PV panel is initiated. At the steady-state of MPPT
operation of the PV panel, the PV current is in the band of 5.25A to 5.75A. The PV current at MPP is
5.55A at an irradiance of 1000W/m2. The output voltage maintains the reference of 75 V.

Waveforms of the corresponding PV current, and output voltage are given in Fig 7.3.
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Fig 7.3: Casel: Attainment of MPPT operation (a) output voltage (b) PV current.

Case2: Variation of the output voltage
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At 3 sec, the reference value of the output voltage of the converter is changed from 75V to the

85V. The actual voltage flows the reference with 7% overshoot and settling time 39 msec. At 4sec,
the reference is changed from 85 V to 75 V. The output voltage undergoes an undershoot of 1.33%
and settling time of 33 msec. The PV panel is operated successfully at the MPP. Fig 7.4. displays the
nature of PV Current, output voltage and load current. Therefore, it can be justified that different

output voltages can be achieved while the PV panel operated at the maximum power point.
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Fig 7.4. Case2: Variation of the output voltage (a) output voltage (b) PV current (c) Load current.

Case3: Increment of load increment

At 5.5 sec, the load demand is suddenly increased by 50%. The output voltage has suffered from an
undershoot of 1.6% and settled within 11msec. The output voltage has an overshoot of 1.6% due to the
sudden decrement of the load to the nominal operating point. During this, the MPP operation of PV
panel remains unaffected. As the input power from the PV remains in a fixed band the excess power
comes from the high voltage source. The waveforms of output voltage, PV current and load current are

depicted in Fig 7.5. As maximum power generation is limited therefore the extra power is taken from

the high voltage source
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Fig. 7. 5: Case3: Load increment (a) output voltage (b) PV current (c) Load current.
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Case4: Input disturbance at the high voltage source end

From 8 sec to 9 sec, the high voltage source is increased by 10%. This produces a very minimal

effect on the MPP operation PV panel and the reference voltage. Since the power is delivered from

PV source is at the fixed level, the input current from high voltage source has to reduce to support the

load demand at the fixed level. The required waveforms of output voltage, PV current and voltage of

high voltage source are presented in Fig 7.6.
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Fig 7.6: Case 4: Input disturbance at high voltage source end (a) output voltage (b) PV current (c) High

voltage source.

Caseb: Variation in solar radiation

The solar radiation is changed from 1000W/m”2 to 800 W/m”2, after some time it is reduced

further at 600w/m~”2 , after 1sec it is increased from 600 W/m”2 to 800 W/m”2, and after some more

time, it is returned back to its nominal value. The pattern of solar radiation is presented in Fig 7(c).

The PV current is settled at the current corresponding to MPP point for the respective irradiance.

Thus, it ensured the maximum utilization of power, which is generated from the PV panel. The effect

on the output voltage is almost negligible and it is maintained at the reference level. The condition of

output voltage, PV current and irradiance level are presented in Fig 7.7.
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Fig 6.2.7: case 5: Variation in solar irradiance (a) output voltage (b) PV current (c) irradiance level of

solar
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Chapter 8: Conclusion

We do thank NIWE for providing the support to have the multi input converter model in this work.

The working system is presented in the following figure. The PV panel is on the roof of the laboratory.
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Fig. 8.1: Working System of the project

All of the equipment, purchased (the MIC, two machines, one DSO, and one PC for documentation)
through this project, has been integrated with existing facility of the laboratory to make it workable.
The Yellow highlighted areas of Fig.8.1 are available in the laboratory.

The existing facilities required to run the system are:

Q) Two digital controllers [dASPACE1104], connected at PCI slot of two computers,
(i) Different power sources,

(iii) PV panels,

(iv)  Semikron made rectifier-inverter model [Stack type no. MD 2* B6CI 440/220-27F]
(V) Interfacing circuits etc.

Following are the achievements of this project

1. Details of the decoupler-based pi controller is designed to control the DIBBFC (Double Input Buck

Buck-boost Fused Converter).

2. A nonlinear control (Sliding mode control) is designed to control DIBBFC. Here, two different
sliding surfaces are designed. These two sliding variable reaches to equilibrium point of operation
simultaneously.

3. The bifurcation analysis of this double input converter is available for the first time in the literature.
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4. In a standalone mode of operation, the PV panel is integrated at the low voltage source end. It
operated at MPPT mode. The PMSG based generated DC is applied at the high voltage source end of

this converter. This high voltage is utilized to keep the DC output voltage at a constant level.

5. The highlights of this work are that a single converter can integrate two different dc sources, and in
standalone mode operation, one source can work at MPPT if the desired load power is greater than the

Source power.
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