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Abstract

Objectives: The variable output voltage from the wind energy conversion
system is effectively regulated through the Solid-State Transformer (SST)
using Dual Active Bridge (DAB) converter employing a Triple phase shift (TPS)
control technique. Methods: A wind energy based system integrated with SST
employing a DAB converter is proposed. The system comprises of Permanent
Magnet Synchronous Generator (PMSG) based Wind Energy System (WES),
SST, and resistive load. The SST provides an easy interface between the load
and the WES.MATLAB Simulink-based analysis is done to compare the various
control techniques used for DAB dc-dc converter. Findings: The DAB converter
provides several benefits including its ability to provide bi-directional power
flow, making it suitable for use in applications where power can flow in either
direction, such as renewable energy systems. The Single-Phase Shift (SPS) is
among the majorly adopted control strategies for DAB converters however it
performs unsatisfactorily with varying load conditions. In this paper, a Triple-
Phase Shift (TPS) control strategy has been reported. A detailed mathematical
analysis along with MATLAB Simulink based results suggest that this control
technique reduces current stress on semiconductor switches by reducing
peak inductor current by almost 23% and 9% as compared to conventional
phase shift modulation technique, therefore, improving the efficiency of the
converter. Novelty: The phase shift ratio used in the TPS control technique
for the DAB converter is modified by incorporating a virtual power component
that enhances the dynamic response of the output voltage.

Keywords: Wind Energy System (WES); Solid-State Transformer (SST); Dual
Active Bridge Converter (DAB); Triple-Phase Shift (TPS); Single Phase Shift (SPS)

1 Introduction

In today’s world, traditional thermal power plants are unable to meet consumer demand
through grid utility. Renewable energy resources (RES) such as solar and wind energy
have received a lot of attention owing to their reliance on natural phenomena. The global
cumulative wind power is expected to reach 2000GW by the year 2030, which is an
increment at a rate of 17-19%. Therefore, it would play an important role in supplying
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increasing energy demand. The power obtained from wind is variable, and to operate at high efficiency, it requires variable
speed control.

The availability of permanent magnet material and newer advancements in power converter technology have attracted wind
turbine manufacturers’ attention toward direct-drive permanent magnet synchronous generators (D-PMSGs) (). PMSGs offer
additional advantages, such as improved power factor, no excitation, gearbox elimination, and high efficiency®. Additionally, a
full-scale back-to-back converter between the PMSG and the load or utility grid in a PMSG-based wind energy system provides
complete decoupling of generator-side dynamics and supports grid-side functionalities. A step-up transformer is required to
interface the generated low voltage and distribution or transmission system to boost the voltage level ). Solid state transformer
(SST) is essentially a power electronics device used for applications involving high voltage and power like locomotives and
tractions. It utilizes the isolated AC to AC conversion technique of a high-frequency transformer .

Solid state transformers are capable of efficiently converting and regulating AC power, making them a suitable option for
connecting the AC output of a wind energy conversion system (WES) to a distribution or transmission system. However, in
the event of a fault in an islanded mode-operated WES, the SST functions as an isolator between the WES and the connected
load. The SST offers superior characteristics and is a feasible substitute for a conventional 50Hz transformer ). It has many
advantages over conventional transformers, such as reduced weight and size, non-requirement for an input/output filter, no
voltage swag or swell, and current limiting capability, among others. The SST has multiple applications, including aerospace
applications, DC microgrids, WES, and more.

Numerous power converter topologies have been proposed for solid-state transformers (SSTs) (7). The three-stage SST,
which comprises a rectifier, a DAB converter, and an inverter (as depicted in Figure 1), is an optimal choice as it offers greater
controllability and encompasses all SST operations. DAB converters are employed because of their simple design along with
the advantage of bidirectional power flow and zero-voltage switching (ZVS) operation. For such topologies, there are primarily
two types of control methods; traditional pulse-width modulation (TPM) control ®), and phase-shift control ). The traditional
pulse width modulation control technique is basic and easy to implement on hardware, however, its dynamic performance is
poor, and the output voltage is always less than the input voltage.

peo]

Wind energy
system

Rectifier DAB converter Inverter

Fig 1. Structural Overview of three stage SST connected with WES

In the SPS control technique, the phase difference between the primary and secondary side of the high-frequency transformer
(HFT) is denoted by D1 as shown in Figure 2. The AC voltage equivalent to h1 and h2 bridge is represented by V,;, and V4
respectively, with a switching period of Tj,,.When the voltages on the primary and secondary sides of the HFT are identical, the
SPS control technique performs better. However, when voltage transformation ratio k = Input voltage(Vi)/{N* Output voltage
(V,)}is far away from 1 (where N is the turn ratio of the HFT), the SPS approach produces high circulating current, high current
stress, and a narrow ZVS band which lowers the efficiency of DAB converter ), In order to increase efficiency and reduce
the current stress of the DAB converter, a dual-phase shift control technique has been discussed '), As shown in Figure 3, an
additional inner phase-shift ratio D is applied to both sides of HFT. This D is given to both sides of the primary h; bridge and
the secondary h, bridge and the D, phase shift is given between two h-bridges. The DPS technique has two conditions based
on the relation between D, and Dy: 0 < D; < 1,0 < Dy < Dj < 1, as illustrated in Figure 3 (a),and 0 <Dy < 1,0 <D, <
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Fig 2. The waveform of SPS control technique

D; <1, as shown in Figure 3 (b). The advantage of DPS control over SPS control is that it reduces current stress, increases ZVS
range, and improves efficiency. DPS control provides better efficiency in buck operation or for transformation ratio (k) < 1 but
it performs poorly in boost operation or for (k) > 1.
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Fig 3. Waveform of DPS control technique (a). 0 < D; <D, <1, (b).0< D, <D; <1
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Fig 4. The waveform of the EPS control technique (a). D inner phase shift at hi-bridge, (b). D3 inner phase shift at h,-bridge

To enhance the efficiency of boost operation, the EPS control technique was introduced in 12, which is shown in Figure 4.
In this control technique, two-phase shifts are utilized. This technique employs two phase shifts: the inner phase shift ratio
(D) and the outer phase shift ratio (D;). The initial phase shift, D, reduces circulating power and expands the zero-voltage
operating range, while the outer phase shift, Dy, controls both the magnitude and direction of power flow. The EPS control
method has two variations based on the position of the inner phase-shift ratio (D). It can either be applied to the primary h;
bridge of HFT, as depicted in Figure 4 (a), or to the secondary h, bridge of HFT, as shown in Figure 4 (b). Additionally, the
TPS control technique is another phase shift control option that outperforms all other phase shift control methods in terms of
performance and efficiency.
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2 Methodology
2.1 Triple Phase Shift (TPS) Technique

The triple-phase-shift control technique was proposed in 13), wherein different inner phase-shift ratios D and D3 are provided
in the primary bridge and secondary bridge of HFT, respectively. Phase-shift-ratio D, is given in between both h-bridges h;
and hy. The TPS control technique can achieve minimum current stress, low switching, and conduction losses, low power loss,
and maximum ZVS range with the use of three phase-shift ratios, namely Dy, D, and D3 (41, The proposed topology is
represented in Figure 5 (a), where D; and D3 are inner phase shift ratios and D; is the phase-shift ratio between h-bridges. Its
equivalent circuit is illustrated in Figure 5 (b), where v, and v_ are the equivalent AC voltage of two h-bridges referred to as
Vi side. v_; is calculated as Nv¢g, L represents the total equivalent leakage inductance referred to as the primary side of HFT
and Vg = vegp - v The value of D and D5 can vary between 0 to 1 and D3 can vary between 0 to 2.

The TPS control technique has six different modes, with the output AC voltage waveform of h; and h; bridges shown in
Figure 6 for each mode. In modes d to f, when D3 is greater than 1, the DAB converter draws a large amount of inductor
current iz, and cannot transfer power from the h; bridge to the h; bridge due to the negative polarity of v, and v.4. Generally,
modes a to c are preferred as they provide optimal converter efficiency.

The inductor current iy, for mode-a at different times to, ti, tz, t3 and t4 can be calculated using Eq. (1), where t; = D T, /2,
tp = DTy, /2, t3 = DTy, /2 and t4 = D3 T, /2.

Table 1. Phase-shift-ratio range under optimal unified TPS control

Modes Phase-Shift-Ratio Range

mode-a 0<D; <10<D <Dy;<1,0<D,<D3<1

mode-b 0<D,<1,0<D,<D; <1,0<D; <D;<1

mode-c 0<Dy<1,0<Dy<D3;<1,0<D3;<D; <1

mode-d 0<D <1,0<D;<Dy<1,0<1+D;<Dy<2
mode-e 0<D; <1,0<D <Dy <1,1<D3<1+D

mode-f 0<D,<1,0<Dy<D;<1,1<D3<1+D

T
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Fig 5. Figure 5 (a). Topology of DAB converter ,(b). Equivalent diagram of DAB converter
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Fig 6. The waveforms of optimal unified TPS controltechnique at different modes and switching periods

Due to its odd symmetry, the inductor current satisfies the condition of if(fy) = -ir(f4) during half of the switching period

T,.» which can be calculated as follows:

T
iL (t1) = —~ [n V24V Dj — V| +2nV,D; —nV,D3 —nV;,Ds]

iL, (tz) = [I’l V,—ViD{—Vi+2V;D; —nV;,D; —i—anDz]

)t

(2)
iL (t3) = 452 [I’l Vo, —VDi =V +2V;D3—nV;,;D; +HV2D2}
T
i, (t4) = 4SK [—an —ViD;i+V|+nV,;D3+ nVQDz]
The power transfer P and inductor current stress S calculation equations for the DAB converter were as follows:
1 Tsw 1 Tow
P= VapiL(t)dt = Vab / i (t)dt (3)
Tsw 0 TSW 0
S =max((ir (to)], (ir ()], (i (2)],... , (i (t3)[}
Substituting the values of iz, from Eq. (2) to (3), the power transfer (P) and inductor current stress (S) is derived as:
Vab "2 . . 3 . . 14 . . 15 . .
P= T—dr {ic(t) —ir ()} dt +/ {ir(t) —ir (o)} dt + i(t)—ip(B3)+ | {ic(t) —ir(ta)
N n 15} 3 1y
1 ' y (4)
6 7 8
[ i) — i 5) Yy dr +/ (iL(t) — g (t6) Y dt +/ (iL(t) — ig (i) Y dt
Is ) 7
p_ NVIVaT [D1D;, + D,D3 — Dy + D, + D3 — D} — D} — D}] 5)
N 8L
NViVL T, [1+Dy+D3s+k(1—D
S =iy (ta) = —ip (1) = W1 2 Tow [14+ D2+ D3 +k( 1)] ©)
8L
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In order to simplify the analysis, the power transfer and current stress in per unit system are expressed as:

P 8LP
Pbase NVI VZ Tsw
imax 8Limax

= = ——=2[1+D D k(1—D 8
s fowe NV, To (1+D3+D>+k( 1)] (8)

D =2(D\D;+DD3 —D; +D; +D3—D%—D§—D§) )

where p and s are per unit transfer power and current stress, respectively, with pp,.= rated power and ip,,, = rated current.

Mode-d to mode-f have high inductor current, as a result of reduced converter efficiency. Therefore, these modes cannot be
deduced by this analytical method. Only mode-a to mode-c is deduced by this method in which mode-a is discussed above.
Similarly, mode-b and mode-c might be determined in the same way. As a result, for the three high-efficiency modes, the power
transfer and current stress expressions are as follows:

2(D1Dy+DiD3 =D +D3+D,—D}—D}—D3}) modea
p={ 2(-D\Dy+DiD3—D;+D;+D3—D3) modeb 9)
2(—DiDy—D\D3—Dy +D,+D3+Dj) mode ¢

2[14+Dy+D3+k(1—Dy)]
2[kD3+ D (1 —k)]
22Dy + D (1 —k)+ D3(k—2)]
22D, + Dy (1 —k) — kD3]

5= mode ¢ (10)

The transmission power ranges for mode-a, mode-b, and mode-c are p1 = [0, 1], p2 = [0, 2/3], and p3 = [1/2, 1/2] respectively,
as shown in Eq. (9). As can be observed, mode-a has the largest power transfer range, covering the entire operational region,
while mode-c can achieve bidirectional power transfer. The current stress for both mode-a and mode-b is the same as derived
in Eq. (10). In mode-c, the magnitude of the current stress is governed by both D; to D3 and the transformation ratio (k).

2.2 Optimal Unified TPS Control Strategy

The control strategy comprises two parts: (1) the steady-state part, which aims to minimize current stress, and (2) the dynamic
state part, which employs virtual power control to address the DAB converter’s dynamic behaviour. To determine the minimal
current stress, the Lagrange-multiplier technique (LMM) is commonly utilized '), However, the LMM mathematical model
has the issue of the power transfer range overlapping in various operating modes!”). As a result, finding optimal solutions
for current stress is challenging due to power transfer and phase shift ratio limitations !®), The TPS control technique uses a
cost function to address the issue of current stress optimization for specific power transfer. Including the cost function in TPS
control is intended to overcome the limitations of LMM analysis. The following is the cost function for LMM analysis:

A (ng) = 0S, 6D,

- 8D, 6P, (11)

Dn7 min < Dn, otl < Dn, max

Where n denotes the control variable, D,, represents the various phase-shift-ratios, D, i» denotes the minimum phase-
shift ratio, D,, ,;; denotes the optimal phase-shift ratio, D, max denotes the maximum phase-shift ratio. The operating mode is
represented by g, and power transfer and current stress are denoted by P, and S, in various modes. The control variables n and
g value range between one to three. The parameter A quantifies the relationship between the fluctuation of the control variable
and the corresponding change in cost and gain. To achieve current stress optimization, three cost functions for three distinct
modes must be identical, as defined in Eq. (12).

A(l,g) =A(2,8)=2(3,8) (12)

The above expression is known as cost function optimization (CFO), and through this mode-a is calculated as follows:

—k 1
D3+D2—k2D] -1 Dy —2]D2+1

(13)

D;+D;—2D;—1 D;—2D3+1
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After solving the above equation, we get:

D k—2 n 1
200 T k—1) T3 (14)
D3 ot = D3 g
where the range of Dy , is:
k—1
0 < Dion < 5

Similarly, in mode-b, the CFO equation is obtained as follows:

{ Daou = (1 —=Dyon) (k—1)

15
D300 = D2 on (15)

Where the range of Dy  is:
0 <Dipy<1

For mode-c, the optimized phase-shift relation is difficult to find due to the disturbance in current stress. As the domain
boundary is the same for mode-b and mode-c, the optimal result is also equal.
The virtual power component (VPC) is defined below to increase the dynamic performance of the DAB converter:

_ Vy Vi
=

*

(16)

Where V, is the output reference voltage, PI controller output is denoted by the virtual voltage component (Vy), i and V5 are
respectively the measured output current and voltage. The VPC control technique can reduce the sensitivity of the parameter of
the converters like total inductance L of the transformer, switching frequency of semiconductor devices, and transformer turn
ratio N, and increase the compatibility. The optimal phase-shift ratios (D 41,D2 o1,D3 1) €xpressed in terms of p” and voltage
conversion ratio (k) is determined by solving Eq. (10), (14), and (15) as follows:

1—p*
Diion =k=1y/ 555 Pron
1 k-2 [ 1-p°
Dy oy == (17)
2ol =3 Vo
1 k=2 [ 1-p°
Dy =~
WtV ier -k
Similarly, the optimal phase-shift ratios for mode-b and mode-c were equal and as follows:
p*
Dipn=1-
lotl (k _ 1)2
p*
D =(k—1)—- 18
2,0 tl ( ) (k — 1)2 ( )
p*
Dypu=1-
30t (k _ 1)2

The optimal unified TPC control strategy is presented as a result of the foregoing analysis, as shown in Figure 7 . In this control
strategy, output voltage V5, input voltage V;, and the output current is extracted using the data acquisition system. Comparing the
output voltage and reference voltage with the PI controller results in a virtual voltage component V. Then the voltage conversion
ratio (k) and the virtual power component (p*) are calculated which decide the operating mode of the DAB converter. With
the help of k and p*, different optimal phase-shift ratios of TPS control are selected from Eq. (17) and (18). Finally, the PWM
pulse generator is used to generate the pulse signal for the switches of the DAB converter.
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Unified Triple Phase Shift pulse modulator
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controller
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Fig 7. The optimal Unified TPS control strategy

3 Result and Discussion

With the help of the MATLAB Simulink environment, the designed DC-DC DAB converter is simulated. The simulation results
are illustrated in the figures below based on appendix. The switching pulses for the DAB converter are shown in Figure 8 , in

which S 52 is the switching pattern for the switch S; and the complementary of S S 2 for switch S. Similarly, S; 54, Ql(izand

Q;Qq are the switching patterns for switches S3, S4, Q1, Q2, O3, and Q4 respectively. The output voltage, output current, and
inductor current with SPS, EPS, and TPS control techniques are shown in Figure 10 . The peak inductor current is 13 A, 10.9
A, and 10 A respectively, viz SPS, EPS, and TPS techniques. Thus, the current stress in the transformer winding is 10 A which
is less than the other two control techniques. Figure 9 displays the simulation waveforms of the primary 4; bridge voltage vy,
the secondary A, bridge voltage v.4, and the combination of v,; and v.; where we can see the phase shift between the primary
voltage and secondary voltage of HFT, as well as the inductor current iy, .It is observed that v.4lags behind v, indicating power
flow from the primary to the secondary side, and v,, has a higher amplitude than v, suggesting step-down mode operation
(k > 1). It is seen that the proposed method exhibits a lower maximum current peak compared to the conventional control
technique. This reduction in current stress brings down losses in the converter and power device rating.

Q;, Q' 0.5:’ I | | | | | | | | I | | l | | | | | ‘:
Q39Q4'02: i ]

564 566 568 57 572 574 576 578 58 582 584
Time(s) <10

Fig 8. The waveform of the switching pulse of the primary andsecondary h-bridges
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Fig 10. The waveform of output voltage, output and inductorcurrent with (a) SPS (b) EPS (c) TPS control technique
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4 Conclusion

The SPS control technique for the DAB converter is commonly employed owing to its simplicity and ease of implementation on
hardware but its efficiency decreases when the value of voltage transformation ratio (k) deviates far from unity. Moreover, SPS
control does not provide a full power range optimal supply and requires an additional ZVS component that in turn increases
the cost. Combining the TPS control technique with the virtual power component minimizes the current stress and therefore
improves the efficiency of the DAB converter. This further increases the range of ZVS and minimizes the number of passive
components. In this paper, detailed mathematical analysis is carried out and MATLAB Simulink-based simulation results are
compared for three control phase shift control techniques viz. SPS, EPS, and TPS, in which 140 V input voltage is converted to
50 V DC output voltage. According to the simulation results, the use of the proposed virtual power control technique results in
a23% and 9% reduction in peak inductor current compared to the conventional SPS and EPS phase shift modulation technique.
The proposed optimal TPS control technique shows a stable output voltage and reduced current stress for IGBTs.

Appendix

Input voltage: 140V, output voltage: 50V, input, and output capacitance: 500U F, turn ratio: 52:30, total leakage inductance: 301 H,
frequency: 50KHz, load: 5-10 ohm.
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