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ABSTRACT Modelling the fast dynamics of power converters is of growing concern in power grids
and Microgrids. Dynamic phasor (DP) concept has been widely applied to switched power converter for
modelling fast transients efficiently due to the inherent frequency shift property of DPs. The dynamics
introduced by the DC/AC power converters depend on the controllers, which are implemented either in the
stationary frame or on the synchronous reference frame (SRF). Hybrid closed-loop modelling methods that
consider DP-based power converter plant model are not established and the applicability and accuracy of such
hybrid approaches are not fully understood. This paper attempts to address this gap by proposing two hybrid
closed-loop modelling approaches: Hybrid DP-DQ and Hybrid DP-EMT and discusses the applicability and
accuracy for various controller types. Furthermore, this paper presents a DP switched model of single and
three phase two level power converter and discusses the selection of harmonics to reduce model complexity.
The proposed hybrid approaches were validated against detailed switched power converter models and for
a wide range of scenarios, the Hybrid DP-EMT method is found to be superior compared other methods.
Finally, application dependent recommendations are made for the selection of suitable hybrid closed-loop
model for the accurate simulation of single phase and three phase power converters.
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INDEX TERMS Control systems, digital twin, dynamic phasor, energy conversion, environment control
system, modelling, more electric aircraft, power electronics, power converter, simulation, synchronous
reference frame.

I. INTRODUCTION18

There has been a subsequent push in the aviation industry19

to move towards more electric aircraft (MEA). The primary20

motivations are similar to that of electric vehicles i.e. reduce21

CO2 emissions and to minimize fuel consumption [1]. With22

MEAs, most of the subsystems that use non-electric energy23

conversion are replaced with electrical energy conversion24

systems. An example of such an MEA concept can be found25

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaodong Liang .

in the Environment Control System (ECS) of Boeing 787. The 26

ECS system is responsible for maintaining cabin temperature 27

and pressure and conventionally it was achieved by tapping 28

bleed air off one of the compressor stages of themain engines. 29

However, in Boeing 787, a dedicated set of compressors 30

which utilize electrical power maintain cabin temperature 31

and pressure thereby eliminating need for pneumatic sys- 32

tems [1]. Among popular commercial MEAs such as Boeing 33

787 and Airbus A380, the aircraft power system (APS) uses a 34

constant voltage variable frequency bus unlike conventional 35

APS which used a conventional constant voltage constant 36
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frequency bus [1], [2]. The variable frequency bus concept37

has created tremendous requirements for power converters38

in terms of control, stability, power quality, power filter39

topologies, overall size and weight [1], [3]. Power quality40

and stability are extremely critical and specifically the study41

of harmonics and their coupling within the APS is of utmost42

importance [3].43

Simulation of power electronics dominated APS in a44

detailed manner may be time consuming with conventional45

EMT switched models. Furthermore, the design of such com-46

plex APS can be benefited by simulation tools which can sim-47

ulate the system with high accuracy and at a fast rate. Within48

the scope of Clean Sky 2 Joint Undertaking (JU) funded49

project TWINECS, one of the important goals is to create50

closed loop detailed simulations of power converters. This51

paper considers grid-connected single phase and three phase52

power converters operating in inverter mode. This paper aims53

to develop hybrid closed-loop Dynamic Phasor (DP) models54

of power converters to achieve an accurate representation in55

transient behaviour.56

In conventional time domain (TD) or Electromagnetic57

Transient (EMT), the switching events within a power con-58

verter are captured in numerical simulation by adopting a59

very small time step. The accuracy in EMT simulations is60

high, however the computation complexity is proportionally61

high. On the other hand, steady state phasor based simulation62

is very fast but inaccurate for capturing transient behavior.63

DP based simulation enables increased simulation step sizes64

and a decreased overall execution time when compared to65

conventional EMT solvers.66

DPs are the time-varying Fourier complex coefficients of67

a signal [4], [5], [6], [7]. The dynamic phasor concept was68

initially referred to as Generalized State Space Averaging69

(GSSA) which was first introduced in [4] where it was70

applied for a variety of switched circuits. The DP modelling71

method applied to DC/DC converters [5], [6], [7] and DC/AC72

converters such as three phase inverters [8], [9], [10], [11],73

[12], [13], MMCs [14] and other power electronics such as74

Auto Transformer Rectifier Unit (ATRU) [12] do not propose75

strategies to reduce model complexity and do not provide76

recommendations of a selection criteria for harmonics. Fur-77

thermore, the methods used to represent the controller and78

the domain used to simulate the controller is not described.79

Recently, DP based models were applied for AC Microgrids80

for simulation and study of eigen values unbalanced con-81

ditions [15], [16]. However, the switched behavior of the82

converter was neglected and only an averaged duty cycle83

was considered. Such models fail to capture the harmonic84

instability phenomenon or parallel resonance phenomenon85

which occurs mainly due to inter-harmonics arising from the86

interaction between the converter and grid [17], [18].87

The basic idea in our work is to express the switched time-88

domain voltage waveform of a power converter in terms of89

Fourier series and consider only the significant harmonics.90

Each frequency component in the switched voltage waveform91

can be expressed as a DP variable. Each energy storage92

element can be defined with one complex-valued state equa- 93

tion or two real-valued state equations when considering the 94

real and imaginary part separately. By considering only those 95

frequency components which are greater than a pre-defined 96

threshold, the number of harmonics and its corresponding 97

equations can be significantly reduced. Transformation of 98

time-domain switched voltage waveforms of DC/AC power 99

converters to Fourier coefficients results in mathematical 100

expressions containing Bessel function of first kind. The 101

number of terms within the Bessel function summation series 102

to accurately model the phasor needs to be pre-calculated. 103

Due to the shifted frequency nature of DPs, the time steps can 104

be significantly increased leading to faster simulations [19]. 105

In this work, we have developed a detailed dynamic phasor 106

based switchedmodel of a single phase and a three phase two- 107

level power converter with multiple frequency components. 108

Selection criteria for harmonics are presented along with the 109

selection of number of terms in the Bessel function infinite 110

sum. This paper also presents hybrid modelling approaches 111

for controllers that are suitable for closed-loop simulation 112

of DP based power converter model. The two hybrid mod- 113

elling approaches proposed in this work are: Hybrid DP-DQ 114

and Hybrid DP-EMT method. Furthermore, we evaluate the 115

applicability of these hybrid modelling approaches for dif- 116

ferent controller types and for different converter type. This 117

paper presents the applicability and accuracy of the hybrid 118

modelling approaches. The simulation results obtained by 119

the proposed Hybrid DP approaches are compared to the 120

simulation results obtained by EMT simulation through the 121

normalized root mean square error (NRMSE) evaluation. 122

Within the context of simulating large networks, hybrid 123

approaches have been proposed wherein the system is par- 124

titioned into multiple subsystems [20], [21], [22]. Typically, 125

the subsystem containing the converter is modelled in the 126

DP domain and the other subsystems are modelled in the 127

EMT domain. Recently, such a hybrid model was proposed 128

for simulating HVDC networks [20]. Other hybrid simulation 129

methods that use static or dynamic phasors and EMT can 130

be found in [21] and [22]. A major difference between this 131

literature and our work is that we focus on the development of 132

hybrid closed-loop modelling approaches within the different 133

subsystems of the power converter. The hardware part of the 134

power converter is modelled in the DP domain whereas the 135

controller part is modelled either in DP domain (Fully DP 136

method) or in time domain (Hybrid DP-DQ, Hybrid DP-EMT 137

methods). In this paper, controllers operating on different 138

frames of references such as synchronous reference frame 139

(SRF) and the stationary frame are considered and we evalu- 140

ate the proposed hybrid approaches in terms of its simulation 141

accuracy in transients. 142

The contributions of this paper are: 143

• Development of the dynamic phasor switched model of 144

a single phase and three phase two level converter 145

• Strategies to reduce the complexity in dynamic pha- 146

sor switched power converter models are proposed 147

such as: a) Selection of dominant switching frequency 148
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component, b) Selection of number of bessel function149

terms150

• Hybrid modelling methods: Hybrid DP-DQ and Hybrid151

DP-EMT methods for closed loop simulation of power152

converters within the dynamic phasor framework are153

proposed. The accuracy and applicability of hybrid154

approaches are presented for different controller types155

The rest of the paper is organised as follows: Section II156

summarizes the theory of dynamic phasors. Description of157

DP based switched power single and three phase inverter158

models are presented in Section III. Section IV represents the159

various hybrid approaches for the closed loop simulation of160

the DP-based switched power converter models. Section V161

discusses the application and complexities of the various162

hybrid modelling approaches for different controller types.163

The simulation results and validation of models are presented164

in Section VI and finally the conclusion and remarks on the165

future work are presented in Section VII.166

II. THEORY OF DYNAMIC PHASORS167

Dynamic phasors can be understood as the complex168

envelopes of passband signals. The complex envelope or169

complex baseband signal is calculated from the analytic rep-170

resentation of a signal shifted in frequency.171

〈ψ〉(t) = ψa(t)e−jωst (1)172

The analytic representation of a signal is composed of the173

original signal and its Hilbert transform as shown in (2) [23].174

ψa(t) = ψ(t)+ jH(ψ(t)) (2)175

The Hilbert transformation applied to a real-valued signal176

is defined by (3). Under the Hilbert transformation, a real-177

valued signal undergoes a phase shift (lag) by 90 degree.178

H(ψ(t)) =
1
π

∫
+∞

−∞

ψ(τ )
t − τ

dτ (3)179

To retrieve the original signal, the imaginary part is omitted180

from the analytic representation. If the signal is represented181

by a dynamic phasor, it is necessary to reverse the frequency182

shift and if the phasor signal has been sampled, interpolation183

might be required. If a signal is decomposed into its harmonic184

constituents, it is retrieved by omitting the imaginary part of185

the of sum the dynamic phasors shifted in reverse,186

ψ(t) = <

{
∞∑

k=−∞

〈ψ〉k (t)ejkωst
}

(4)187

where k is the harmonic index. The dynamic phasors 〈ψ〉k (t)188

can also be approximated using the Fourier transform. The189

time dependency of the phasor can be modelled by using190

the time-dependent formula of the Fourier series integral.191

Assuming a sliding observation window with period T mov-192

ing along the time axis, the time dependent Fourier coeffi-193

cients are expressed by the transform (5), where ωs is the194

fundamental frequency.195

〈ψ〉k (t) =
1
T

∫ t

t−T
ψ(τ ) · e−jkωsτdτ (5)196

Power-electronic converters are modeled as first order differ- 197

ential equations in order to realize the state space representa- 198

tion including the output filter. The first order differentiation 199

operator for dynamic phasors is given by (6). 200

d
dt
〈ψ〉k (t) =

〈 d
dt
ψ
〉
k
(t) − jωsk〈ψ〉k (t) (6) 201

The product of two dynamic phasors, x and y is calculated 202

through the discrete convolution principle given by (7). 203

〈xy〉k =
∞∑

i=−∞

〈x〉k−i〈y〉i (7) 204

Without loss of generality, the resulting equations modelled 205

using the dynamic phasor concept of a generic power elec- 206

tronic converter can be non-linear of the form (8). 207

d〈ψ〉k
dt
= f (〈ψ〉k , 〈u〉k ) (8) 208

The control signal 〈u〉k produced by the controller can be 209

expressed either in the dynamic phasor domain or in the orig- 210

inal time domain. For closed loop power electronic converter 211

simulation, two methods are discussed: Fully DP and Hybrid 212

DP. These methods are discussed in detail in Section IV. 213

FIGURE 1. Diagram of single phase inverter.

III. DP BASED SWITCHED POWER CONVERTER MODEL 214

A. SINGLE PHASE INVERTER 215

This paper presents a switching function based dynamic pha- 216

sor model of a single phase inverter. Fig. 1 shows the topology 217

of a single phase inverter with LCL filter. The converter side 218

inductor and grid side inductor are Lc and Lg respectively, 219

their internal resistances are rc and rg respectively and the 220

filter capacitance is Cf . A resistive-inductive grid impedance 221

consisting of elements rgrid and Lgrid is assumed to exist 222

between the point-of-common-coupling (PCC) and the grid. 223

In order to capture the switching harmonics of the inverter and 224

its sideband harmonics, the inverter output voltage vinv needs 225

to be modelled with an appropriate switching function, which 226

depends on the type of modulation used. Unipolar modula- 227

tion is considered for the generation of sine triangle mod- 228

ulated pulses for switching the power-electronic switches. 229

Ideal switch model assumption is considered and the internal 230

charge dynamics such as reverse recovery effects and tail 231

currents are neglected. Additionally, snubber circuits are also 232

not considered. Under unipolar modulation, the switching 233

takes place between voltage levels +Vdc and 0 during the 234
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FIGURE 2. Required number of terms k in the Bessel Function to
accurately model the switching function.

positive half-cycle and between 0 and −Vdc during negative235

half-cycles.236

The indices m and n refer to harmonics of the switching237

frequency ωs = 2π fs and the harmonics of the fundamental238

frequency wo = 2π fo respectively. Considering a regularly239

sampled double edged unipolar modulation, the side band240

harmonics ωmn of the inverter voltage vinv exists at integer241

multiples of the switching frequency and odd multiples of242

fundamental frequency. The sideband harmonics can be gen-243

eralised as244

ωk = mωs + (2n− 1)ωo, (9)245

wherem ∈ N and n ∈ Z. The switching function of the single246

phase inverter with unipolar modulation is obtained by apply-247

ing double Fourier series expansion of the voltage waveform248

between the midpoints of the two phase legs vinv(t) [8] and249

assuming regular sampling double edge carrier, it is given250

by (10),251

vinv(t) =
4Vdc
π

∑
n=1,3,..

Jn
(
n ωo
ωsw

π
2Mr

)
[
n ωo
ωsw

]252

× sin
(
n
[
1+

ωo

ωsw

]π
2

)
cos(nωot + nϕ)253

+
4Vdc
π

∑
m=1,2,..

∑
n=±1,±3,..

Jn
([
m+ n ωo

ωsw

]
π
2Mr

)
[
m+ n ωo

ωsw

]254

× sin
([
m+ n

ωo

ωsw
+ n

]π
2

)
cos(mωswt + nωot)255

(10)256

whereMr is themodulation ratio, ϕ is the phase of the control257

reference signal and Jn is the Bessel function of the first kind258

expressed as,259

Jn(x) =
∞∑
p=0

(−1)p

p!0(p+ n+ 1)

(x
2

)2p+n
. (11)260

Here, p represents the number of terms required in the Bessel261

function and 0 represents the Gamma function which is262

defined as 0(p) = (p − 1)!. The Bessel function comprises263

an infinite number of terms. However, the effective number264

of terms that is sufficient to model the switching function265

be determined by calculating the phasor magnitude of the266

highest sideband frequency of interest for various Bessel267

FIGURE 3. Required bessel function terms for various switching and grid
harmonics.

function terms. As the number of terms of Bessel function 268

is increased, the convergence in the phasor magnitude can 269

be observed. Fig. 2 plots the phasor magnitudes and number 270

of terms used in the Bessel function for different phasors. 271

Fig. 2 shows that as p increases, the approximation of the 272

Bessel function improves. Furthermore, higher frequencies 273

require more terms for convergence and for the example 274

considered,the frequency 6fsw + fo requires around 12 terms. 275

The number of terms required in the bessel function compu- 276

tation is determined for every harmonic such that the abso- 277

lute error in the phasor magnitude and phase angle are less 278

than 1 percent of the reference value. The reference value 279

is computed by considering arbitrarily large p such that the 280

Bessel function has converged. Fig. 3 shows the number of 281

bessel function terms required for various grid harmonics 282

and switching harmonics. From Fig. 3, it can be inferred 283

that the dependency of the bessel function on the switching 284

harmonic m is significant than the grid harmonic n. In this 285

paper, we have considered m = 6 and n = 5 and thus for 286

improved accuracy, p = 20 is considered for the reminder of 287

the paper. 288

Applying (5) with ωk = mωs+nω0 and the corresponding 289

time period as Tmn = 2π
ωk

to (10) results in the DP phasor 290

switched model of the single phase inverter given by (12), as 291

shown at the bottom of the next page. The switched voltage 292

waveform vinv obtained by post processing the DPs corre- 293

sponding to m = 6 and n = 5 is shown in Fig. 4 where 294

the simulated inverter voltage from Simulink is plotted. The 295

frequency spectrum of both DP and time domain simulation 296

accurately match. 297

The LCL filter model at the output of the inverter can be 298

modelled in DP domain. When integrating the single phase 299

inverter model with software tools such as DPSim, the LCL 300

filter model is typically considered part of the power network 301

which is modelled via Modified Nodal Analysis (MNA). 302

However for sake of clarity, the DP phasor model of the 303

output filter is given below: 304

d〈ic〉k
dt
=
〈vinv〉k
Lc
−
〈vcf 〉k
Lc
−
〈ic〉rc
Lc
− jωk 〈ic〉k (13) 305

d〈vcf 〉k
dt

=
〈ic〉k
Cf
−
〈ig〉k
Cf
− jωk 〈vcf 〉k (14) 306
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FIGURE 4. Single phase converter output voltage comparison.

FIGURE 5. Diagram of three phase inverter.

d〈ig〉k
dt
=
〈vcf 〉k

Lg + Lgrid
−
〈vg〉k

Lg + Lgrid
307

−
〈ig〉k (rg + rgrid )
Lg + Lgrid

− jωk 〈ig〉k (15)308

In the above equations, wk refers to the set of all considered309

switching and side-band harmonics mωs ± nωo. The PCC310

voltage phasor can be calculated using (16).311

〈vpcc〉k = 〈vg〉k + 〈ig〉k (rgrid + jωkLgrid ) (16)312

B. THREE PHASE INVERTER313

Consider a three phase converter with B6C topology as314

shown in Fig. A similar output LCL filter structure is con-315

sidered at every phase. Consider a sine pulse width modu-316

lation (SPWM) strategy for generating the gate pulses with317

a triangular carrier wave. Furthermore, for the sampling of318

PWM, consider the natural sampling based double edge car-319

rier. From the above mentioned assumptions on the PWM,320

the time domain waveform of the phase - neutral voltage321

can be calculated [8], [9]. Phase-neutral voltage of Phase322

A van(t) can be calculated suing double Fourier series as323

shown in (17). Here,m represents the harmonics of switching324

frequencyωsw and n represents the harmonics of fundamental325

frequency ωo. Thus, the frequency points mωsw+ nωo repre-326

sent the side band harmonics. From (17), it can be inferred327

the harmonics in the phase-neutral voltage vanishes if n is a328

multiple of 3 or if m+ n is even. 329

van(t) =
MrVdc

2
cos(ωot + ϕ)+

4Vdc
3π

∞∑
m=1

∞∑
n=−∞

330

×

Jn
(
mMr

π
2

)
m

sin
([
m+ n

]π
2

)(
1− cos

(2πn
3

))
331

× cos
([
mωsw + nωo

]
t + nϕ

)
(17) 332

By applying the Fourier integral (5) to (17), the dynamic 333

phasor of phase A voltage 〈van〉k (t) is derived as shown 334

in (18), at the bottom of the next page. 335

Phase to neutral voltages of other phases can be obtained by 336

phase shifting the A phase phasor under balanced assumption 337

as shown below: 338

〈vbn〉k = 〈van〉ke−j
2π
3 339

〈vcn〉k = 〈van〉kej
2π
3 340

Similar to the single phase case, the three phase output volt- 341

age post processed from DPs corresponding to m = 6 and 342

n = 5 is plotted in Fig. 6. The spectrum obtained from 343

Simulink accurately matches magnitudes of the DPs. 344

IV. CLOSED LOOP DYNAMIC PHASOR MODELING 345

APPROACHES 346

The controllers of power converters are typically imple- 347

mented either in the stationary frame or in the synchronous 348

reference frame (SRF). In this paper, we are considering DP 349

models of power converters (plant model). The controllers 350

can be modelled either in the DP domain or in time-domain. 351

The modelling domain adopted for different controllers types 352

to achieve accurate transient response as compared with a 353

conventional EMT time domain simulation needs to be estab- 354

lished. This section presents three approaches for closed loop 355

modelling and simulation of dynamic phasor based power 356

converter models: Fully DP, Hybrid DP-DQ and Hybrid 357

DP-EMT. 358

A. FULLY DP 359

In the Fully DP approach, both the controller and the plant are 360

in the DP domain as shown in Fig. 7. The control input 〈e〉k 361

can be expressed as a phasor at each frequency k [24]. The 362

control input can be multiplied with the complex valued gain 363

of the controller at the corresponding frequency to compute 364

the controller output phasors. 365

〈u〉k = 〈C〉k 〈e〉k (19) 366

〈vinv〉k =



2VdcJn
(
πn ωo

ωsw

π
2Mr

)
πn ωo

ωsw

sin
(
n[1+

ωo

ωsw
]
π

2

)
e(jnϕ) for n = 3, 5, · · · ;m = 0

2VdcJn
([
m+ n ωo

ωsw

]
π
2Mr

)
π
[
m+ n ωo

ωsw

] sin
(
[m+ n

ωo

ωsw
+ n]

π

2

)
for m ∈ {I+}; n ∈ {I − 0}

(12)
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FIGURE 6. Three phase converter phase-neutral output voltage
comparison.

FIGURE 7. Fully DP.

When the controllers are implemented in the DQ-domain, the367

main contributor to control signal is the phasor corresponding368

to fundamental harmonic. The higher order harmonics as369

observed from the DQ domain are perceived either 50 Hz370

above or below their respective frequencies depending on371

whether the harmonic corresponds to a positive or negative372

sequence respectively. For example, a 500 Hz phasor, fol-373

lowing the positive sequence is observed as a 450 Hz phasor374

in DQ domain and at 550 Hz when following the negative375

sequence and Table 1 summarises this concept. Hence the DQ376

control signals are calculated as377

〈u〉(t) = 〈u〉o(t) +
∑
k

〈u〉k (t) ej(ωk−ωo)t︸ ︷︷ ︸
u′k (t)

. (20)378

TABLE 1. Original sequence to DQ domain.

379

An exemplary path traced out by the control phasor in380

time in the DQ space is depicted in Fig. 8. At a given381

steady state, the control phasor at the fundamental is constant,382

however, due to the higher harmonics, the resultant phasor is383

time-varying as shown in Fig. 8. When the impact of higher384

harmonics on the control signals are neglected, typically385

through a low pass filter assumption then the control signal386

equals 〈u〉o. Calculation of the modulation index Mr and the387

FIGURE 8. Control signal modelling in DP domain.

phase shift φ is obtained from the control signal. 388

Mr =

√
〈u〉2re + 〈u〉

2
im

Vsc
(21) 389

ϕ = arctan
(
〈u〉re
〈u〉im

)
(22) 390

The scaling voltage in the denominator Vsc = Vdc for sin- 391

gle phase converters andVsc =
Vdc
2 for three phase converters. 392

Linear controllers can be modelled in a straightforward 393

manner and non-linear controllers require the usage of dis- 394

crete convolution principle given in (7) to express product 395

and or higher powers of periodic time domain variables 396

such as state variables and switching functions. Thus, such a 397

method possesses complexity towards modelling non-linear 398

controllers. Due to the disadvantages of increased com- 399

plexity in modelling non-linearities, hybrid approaches are 400

necessary. 401

FIGURE 9. DP-DQ.

B. HYBRID DP-DQ 402

Fig. 9 shows the Hybrid DP-DQ implementation where the 403

controller is implemented in DQ domain and the plant model 404

is the DP domain. A typical usecase for this application is 405

when the controller is implemented as a vector control such as 406

the DQ domain controller. Since the plant outputs are phasors, 407

post-processing is required to convert the DPs to DQ domain. 408

This post processing can be achieved in two steps. The first 409

〈van〉k =


MrVdc

4
ejϕ for m = 0 and n = 1

2VdcJn(mMrπ/2)
3πm

sin
([
m+ n

]π
2

)(
1− cos

(2πn
3

))
ejnϕ for m = 1, 2, 3, · · · and n = · · · ,−1, 0, 1, · · ·

(18)
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step involves converting the DPs to positive sequence space-410

phasors by the transformation in (23).411

〈ig〉k =
2
3

[
1 α α2

]〈ia〉k〈ib〉k
〈ic〉k

 (23)412

The second step is the calculation of DQ domain signals413

from the space-phasors as given in (24) which is similar414

to (20). In the case of single phase converters, conversion415

to space-phasors is not necessary and (24) can be directly416

implemented.417

ig,dq(t) = 〈ig〉0 +
∑
k

〈ig〉kej(ωk−ωo)t . (24)418

The output of controller is in DQ domain which can be used419

to calculate and updateMr and ϕ. The Hybrid DP-DQmethod420

does not account for the delays or additional signal processing421

that may occur outside the DQ domain such as filtering the422

measured stationary frame signals, delays in obtaining sta-423

tionary frame signals and delays in conversion of stationary424

rame signals to DQ domain.425

FIGURE 10. DP-EMT.

C. HYBRID DP-EMT426

Mitigation of the disadvantages in Hybrid DP-DQ approach427

can be achieved by implementing the controller in the EMT428

domain. Within the Hybrid DP-EMT approach as shown in429

Fig. 10, the controller is implemented in EMT domain and430

the plant is implemented in DP domain. Post processing431

of the plant output phasors to EMT domain is realized via432

(4). In Hybrid DP-EMT method, the control implementation433

mimics reality as how it is implemented in an embedded434

platform.435

To illustrate the steps in the proposed hybrid methods,436

a flowchart is shown in Fig. 11. Step 1 is the initialisation437

phase where the states of the system are initialized and the438

phasors of the power converter are initialized by assuming a439

fixedmodulation ratio and angle at time t = 0. Steps 2 to 4 are440

repeated until the end of simulation. In step 2, the system of441

equations in DP domain is solved and the DP state variable442

output can be obtained. In Step 3, the DPs are interpolated443

and post-processed to time domain. Interpolation of DPs are444

required when the time domain signal is required with a much445

smaller time step compared to the time step used to solve the446

DP state equations. Using the time domain signal, the control447

inputs are calculated in the time domain following which the448

phasor voltages of the converter are calculated in Step 4.449

FIGURE 11. Simulation flowchart for Hybrid DP-DQ and Hybrid DP-EMT
approaches.

V. APPLICATION OF HYBRID MODELING APPROACHES 450

FOR POWER CONVERTERS 451

This section discusses the applicability of hybrid modelling 452

approaches for various controller types. 453

A. CONTROLLERS CONSIDERED FOR THE ANALYSIS 454

We have considered three controllers in this paper: SRF-PI 455

controller, SRF-SMC controller and a stationary PR 456

controller. We consider discritzed implementation of the 457

aforementioned controllers. Trapezoidal method is chosen to 458

discritize the controller. As shown in Fig. 13. It is assumed 459

that currents and voltages are sampled at instance λ and the 460

control calculation is performed within the sampling interval 461

Ts following which the control signal is updated at λ+ 1. 462

FIGURE 12. Controller.

The SRF-PI controller is implemented in the DQ-domain 463

as shown in Fig. 12a. The current reference is tracked through 464
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two PI controllers and a PCC voltage feedforward.465

upi(λ) = upi(λ− 1)+
(
Kp +

KiTs
2

)
e(λ)466

+

(
− Kp +

KiTs
2

)
e(λ− 1) (25)467

The control input is calculated along with the feed-forward468

term uco = upi + ug,dq. The simplified SRF-SMC current469

controller considered in this paper takes the form in (26). The470

control law was designed by simplifying the LCL filter to an471

L filter where RT and LT are the total series resistance and472

inductance of the LCL filter. The smoothed sliding surface is473

represented by the inverse tangent of the error function and474

Ksmc represents the tunable control parameter.475

uco = ug,dq + RT ig,dq−jωoLT ig,dq + Ksmc tan−1(e) (26)476

Implementation of stationary PR controller in the EMT477

domain is straightforward by using a state space approach.478

Implementing a stationary PR controller in the DQ domain479

has been discussed in previous works [25], [26]. Consid-480

ering only the fundamental component, the stationary PR481

controller can be equivalently modelled equivalent as a syn-482

chronous frame DQ controller [25]. However, considering483

wider frequency response and considering both positive,484

negative sequence components, the equivalent synchronous485

frame control can be be calculated as proposed in [26].486

FIGURE 13. Controller sampling and update.

B. APPLICATION TO SINGLE PHASE POWER CONVERTERS487

Consider the single phase inverter to controlled using a syn-488

chronous reference frame (SRF) controller with grid voltage489

feed-forward. Conventionally, SRF is not defined for single490

phase systems. However, thanks to digital implementations,491

the split-phase technique can be used as shown in Fig. 14b.492

The measured phase current/voltage will be considered as493

the α component and a 90 degree phase shifted signal of494

the measured quantity to be the β component of the αβ495

reference frame. Synthesizing β signal is achieved by storing496

the samples of α signal in a first-in-first-out (FIFO) buffer;497

wherein the buffer length is the nearest integer to 1
4foTs

where498

Ts is the sampling time.499

For single phase systems that uses the above mentioned500

split phase technique to represent in the SRF, the Fully DP501

and DP-DQ method can suffer from reduced accuracy since502

the space phasors are not well defined in the transient due503

to the delayed β component. The DP-EMT method does not504

suffer from this disadvantage since the control implementa- 505

tion is same as the real-world implementation. For stationary 506

domain controllers, all three closed-loopmethods can be used 507

to effectively model the dynamics. 508

FIGURE 14. PLL with the corresponding stationary-dq transformation.

C. APPLICATION TO THREE PHASE POWER CONVERTERS 509

The SRF-PLL corresponding to the three phase system is 510

shown in Fig. 14b. Since the space phasor is well defined 511

in three phase systems, there are no require of data buffers 512

in the DQ conversion and therefore no interactions in the 513

DQ domain as seen in the single phase case. For three 514

phase converters, Fully DP method can be applied to the 515

SRF-PI controller and stationary-PR controller. Since the 516

stationary-PR controller can be assumed to be equivalent of 517

the SRF-PI [25], the implementation is identical. SRF-SMC 518

and other non-linear controllers are too complex and ineffi- 519

cient to implement through Fully DP method. 520

For three phase converters, both DP-DQ and DP-EMT can 521

be used to implement all the different controller types effec- 522

tively and accurately. DP-DQ and DP-EMT are equivalent 523

unless there are filtering in the stationary domain prior to the 524

DQ conversion or delays in obtaining the stationary frame 525

signals. In such a case, DP-EMT could accurately model the 526

closed-loop dynamics. 527

VI. SIMULATION RESULTS AND VALIDATION 528

The closed-loop power converter models are validated via 529

time domain simulations. The results obtained are validated 530

against detailed switched EMT models built in MATLAB 531

Simulink. The goal is to validate the transient behavior 532

obtained from the DP models. We particularly focus on the 533

the error between theDP simulation data and EMT simulation 534

data from Simulink during the transient. A step change in 535

the current reference is applied at t = 0.15s and the current 536

samples between the interval t = 0.15s to t = 0.20s are 537

obtained. The NRMSE is calculated according to (27), where 538

N represents the total number of samples and IDP, ISimulink 539

represents the simulation data obtained from proposed DP 540

and Simulink respectively. 541

NRMSE =

√
1
N

∑i=N
i=1

(
IDP − ISimulink

)2
ISimulink,max − ISimulink,min

(27) 542

The different closed-loop hybrid approaches are validated 543

for different controller types following which their applica- 544

bility and accuracy are discussed. The DPs of the inverter 545

switched voltage can be calculated for the chosen topology 546
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during the initialisation phase of the simulation. The follow-547

ing steps can be followed during the initialisation:548

• Specify the number of grid frequency harmonics and549

switching harmonics550

• Determine the number of bessel function terms required551

to model the harmonics accurately552

• Calculate the phasor magnitudes for all selected fre-553

quencies under a nominal control set-point and consider554

only those frequencies whose phasor magnitudes are555

greater than the assumed threshold, in this paper, phasor556

magnitude threshold is 5 percent557

• Compute the phasor magnitude and phase for all con-558

sidered frequencies in the previous step by varying the559

control variablesMr and ϕ and store the data in the form560

of a lookup table561

Such a lookup table prevents the calculation of inverter output562

phasors at each control update. The simulation is executed563

with a time step of 1µs and the control update is performed564

every 100µs.565

A. SINGLE PHASE CONVERTER566

The parameters of the single phase 2-level converter are567

shown in Table 2. The control parameter of the single phase568

inverter are summarized in Table 3. In this case study, the569

converter is operating in grid-following mode, with a current570

controller. The output LCL filter of the converter which con-571

tains 3 energy storage elements requires 6 DP state variables572

per frequency. In this study case, we have assumedm = 6 and573

n = 5 for the harmonics. Considering the threshold for574

inverter output harmonics as 5 percent of the nominal for575

inclusion in the state equation, the number of harmonics are576

8 and the number of state equations are 48.

TABLE 2. Parameters of single phase converter.

577

TABLE 3. Control parameters of single and three phase converter.

The Fully DP strategy is identical to Hybrid DP-DQ for578

single phase converters in terms of the output response.579

Fig. 15 shows the post processed capacitor voltage using580

Hybrid DP-DQ and Fully DP method. It can be seen that581

the ripples on the capacitor voltage are accurately matching582

the detailed time domain simulation in Simulink. A step583

change in the DQ reference current is made at 0.15s and584

the post-processed current ic is shown in Fig. 16. From the585

FIGURE 15. Capacitor voltage of single phase converter with SRF PI
controller using DP-DQ approach.

FIGURE 16. Converter current of single phase converter with SRF PI
controller using DP-DQ approach.

TABLE 4. Comparison of % NRMSE of hybrid closed-loop methods for
various controllers pertaining to single phase converter application.

zoomed portion in Fig. 16, the harmonic on the waveform 586

match the response fromSimulink. To accurately the compare 587

the transient behavior between Hybrid DP-DQ and Hybrid 588

DP-EMT method, the comparison of post processed grid 589

current and DQ currents are presented. Fig. 17a and Fig. 17b 590

shows the comparison in grid current. Although the har- 591

monics are matched in both methods, the transient behavior 592

is well matched to Simulink in DP-EMT method. This is 593

further confirmed from the post processed DQ currents as 594

shown in Fig. 17c and Fig. 17d. Furthermore, a comparison 595

of NRMSE for each controller scenario against hybrid mod- 596

elling approaches are presented in Table 4. When considering 597

the SRF-PI controller, the %NRMSE of hybrid DP-EMT 598

approach is 0.79 % whereas for DP-DQ and Fully DP meth- 599

ods, the %NRMSE is 1.63 %. DP-DQ method does not 600

capture the transient accurately since the controller in SRF 601

domain has a delay buffer prior to DQ conversion. Space 602

phasors are not well defined for single phase systems during 603

the transient. For non-linear control law such as the SRF 604

SMC controller, Fully DP method is not applicable and fur- 605

thermore the above mentioned effect of external delay is 606
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FIGURE 17. Comparison of DP-DQ and DP-EMT approach for single phase
converter with SRF PI controller.

further exaggerated in the output DQ currents with Hybrid607

DP-DQ method. Fig. 18a shows the DQ current with DP-DQ608

method for an SRF SMC control. In Fig. 18a, the steady609

state values obtained from SIMULINK and Hybrid DP-DQ610

method match however the transient behavior has a signifi-611

cant mismatch. However, with DP-EMT method as shown in612

Fig. 18b, the DQ current transients are accurately matching613

the response obtained fromSIMULINK.As shown in Table 4,614

when considering the SMC controller, the %NRMSE of grid615

FIGURE 18. Comparison of DP-DQ and DP-EMT approach for single phase
converter with SRF SMC controller.

current in the case of DP-DQ is 5.62 % indicating poor 616

accuracy during transients whereas for DP-EMT method, the 617

%NRMSE in grid current is 1.1 % which confirms the accu- 618

rate transient representation achieved in DP-EMT method 619

when compared to DP-DQ method. 620

TABLE 5. Parameters of three phase converter.

B. THREE PHASE CONVERTER 621

Table 5 shows the parameters of the three phase inverter and 622

the control parameters are given in Table 3. We have assumed 623

m = 6 and n = 5 for the harmonics. Considering the thresh- 624

old for inverter output harmonics as 5 percent of the funda- 625

mental phasor for inclusion in the state equation, the number 626

of harmonics are 7 and the number of state equations are 627

42 per phase. We have evaluated the three phase converter 628

model similar to the single phase phase converter by testing 629

he controllers with the various hybrid closed-loop methods. 630

As discussed previously, the Fully DP strategy is not suited 631

for non-linear control law. For three phase systems, the space 632

phasor concept is well defined unlike a single phase system 633

where a 90 degree delayed fictitious signal is required. Due 634

to the well defined space phasors, the hybrid DP-DQ method 635

is found to be highly accurate and equivalent to the Hybrid 636

DP-EMT method. Fig. 19a and Fig. 19b shows the grid 637
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TABLE 6. Comparison of applicability and accuracy of hybrid closed-loop methods for various controllers pertaining to single phase and three phase
converter application.

current and DQ current with hybrid DP-DQ method during638

a step change in the DQ current reference. As observed from639

Fig. 19a and Fig. 19b, the transients are matching accurately.640

Furthermore, when implemented with the DP-EMT method,641

no significant improvement is noticed due to the well defined642

space phasors in a three phase system. Unless the controller643

is implemented in a stationary frame or unless any signal644

processing is done in the stationary frame, theDP-DQmethod645

is well suited for three phase systems.646

FIGURE 19. DP-DQ approach for three phase converter with SRF PI
controller.

The stationary frame PR controller is tested with the DP-647

EMT method for the three phase converter. Fig. 20 shows the648

converter output current. As shown in the zoomed waveform649

in Fig. 20, the ripple in the converter current is exactly match-650

ing the simulations in Simulink. Furthermore, the transients651

also accurately match. The grid current shown in Fig. 21652

also matches the steady state and transients simulated from653

Simulink.654

For further validating the accuracy of the proposed hybrid655

methods, the scenario pertaining to voltage sag for the three656

FIGURE 20. Converter current of three phase converter with stationary PR
controller using DP-EMT approach.

FIGURE 21. Grid current of three phase converter with stationary PR
controller using DP-EMT approach.

phase converter is presented. The voltage sag scenario is 657

tested for both the Hybrid DP-DQ and Hybrid DP-EMT 658

methods and tested for different controlled types consid- 659

ered in this paper. As an example, the results obtained for 660

the DP-EMT method considering a PI control is presented. 661

At time t = 0.15s, a sudden grid voltage sag of 10 % is 662

considered. As shown in Fig. 22, the capacitor voltage under 663

goes a sudden sag of 10 % at time t = 0.15s. As observed in 664

Fig. 22, the transients obtained in Hybrid DP-EMT method 665

matches the transients obtained from Simulink. Due to the 666

PI control action of the current controlled inverter, a constant 667

current of peak 30A is maintained following a transient that 668

arose due to sudden voltage sag as shown in Fig. 23. Fig. 23 669

shows that the grid current during the voltage sag event 670

obtained from the Hybrid DP-EMT method matches that of 671

Simulink during the transient. 672

C. DISCUSSION AND RECOMMENDATION 673

Table 6 summarises the applicability and accuracy of apply- 674

ing hybrid closed loop modelling methods for single phase 675
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FIGURE 22. Capacitor voltage of three phase converter under voltage sag
condition with SRF-PI controller using DP-EMT approach.

FIGURE 23. Grid current of three phase converter under voltage sag
condition with SRF-PI controller using DP-EMT approach.

and three phase systems considering various controller types.676

As mentioned earlier, the Fully DP method is not suited677

for non-linear controllers due to the increased complexity678

arising from the convolution principle. The Fully DP method679

can be applied effectively to linear controllers in SRF and680

stationary domain. In single phase systems with controller681

in SRF domain, the Fully DP method has low accuracy in682

transient. As shown in Table 6, the hybrid DP-DQ method683

can be applied to both linear and non-linear controllers. This684

method is highly accurate for three phase systems unless any685

signal processing is present in the stationary domain before686

conversion to DQ domain. However, the DP-DQ method for687

single phase applications has a drawback of reduced accu-688

racy in transient. Accurate simulations are obtained with the689

hybrid DP-EMT method method for all controller types and690

for both single and three phase applications.691

Thus, to summarize, we recommend the strategies marked692

as accurate in Table 6 for single and three phase applications.693

The hybrid approach that is generic and accurately models694

the dynamics for all controller types would be the hybrid695

DP-EMT approach.696

To reduce the complexity of the DP-based simulation, two697

recommendations are proposed for the initialisation phase of698

the simulation:699

• Pre-calculate the required number of fundamental and700

switching harmonics and estimate the number of bessel701

terms to accurately model the harmonics. Following the702

previous step, the significant harmonics that needs to be703

included can be calculated704

• Create a lookup table for the phasor of the switched 705

power converter output voltage with the control inputs. 706

This step can eliminate the calculation of phasors, which 707

involves calculation of Bessel function for every time 708

step which is critical in closed-loop simulations 709

VII. CONCLUSION AND FUTURE WORK 710

This paper presents dynamic phasor modelling of single and 711

three phase two level converters and proposes various hybrid 712

closed-loopmodelling approaches within the dynamic phasor 713

framework. The applicability and accuracy of the hybrid 714

closed-loop approaches are analysed for different controller 715

types considering single and three phase power converters. 716

Overall, theHybridDP-EMT approach is found to be superior 717

compared other strategies. The Hybrid DP-DQ strategy can 718

be used for three phase systems when signal processing is 719

not present in the stationary domain. The proposed hybrid 720

approaches were validated against detailed switched power 721

converter models and NRMSE calculations during the tran- 722

sient were analyzed to characterize the accuracy of each 723

hybrid approach. 724

This work is currently extended to include higher order DP 725

models of AC electrical motor and auto-transformer rectifier 726

unit (ATRU) which is currently used in the electrical drives 727

of MEAs. 728
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