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Abstract–In this paper, the idea of operation of grid connected 

voltage source converters (VSCs) by similar characteristics of 

induction machines under new concept of inducverter is proposed 

and developed. The proposed controller eliminates the need for an 

extra synchronization unit and phase-locked-loop (PLL). Therefore, 

it offers a simpler and more reliable control strategy with improved 

performance, as it provides real auto-start and auto-synchronization 

with a grid without the need for grid voltage information. A current 

damping/synchronization unit enables grid auto-synchronization by 

using local current information and can track grid frequency, angle 

and voltage amplitude variations while feeding constant amount of 

power which is of high interest in frequency varying grids and also 

in the case of grid voltage angle jump. Another advantage of the 

inducverter is that it introduces virtual inertia to the grid to regulate 

frequency which enhances frequency dynamics of smart grids. 

Beside the current synchronization unit, the proposed strategy has a 

single-loop controller core with control over both power and current 

which is implemented in a hybrid dq and abc frame using a virtual 

adaptive lead or lag impedance. The controller also offers stable and 

high-performance synchronization and operation under unbalanced 

and/or distorted grid conditions. The work beside synchronous 

current converters give a bird’s eye view to research in the new area 

of PLL-less and virtual inertia-based operation of VSCs and fulfill a 

unified set of controllers for the smart grid integration. Simulation, 

hardware-in-loop (HIL) and experimental results are presented to 

validate effectiveness of the controller.  

 
Index Terms— Emulated inertia, grid synchronization, induction 

machine, phase-locked-loop, smart grid, voltage source converter.  

 

I. INTRODUCTION 

HE paradigm of smart grid is rapidly changing the operation 

and control of the conventional power systems mainly 

because of extensive use of power electronic devices and 

communication infrastructure. Fast development of renewable 

energy resources and electronically interfaced (EI) generations 

and loads such as wind turbines, solar cells and adjustable speed 

drives are the basic reasons that make the control of VSCs the 

core of concerns of smart grids operation as it is expected that 

more than 60% of generation and load units will be EI ones in the 

early future [1]-[2]. However, converter dominated smart grids 

are facing severe stability and control challenges such as 

instabilities due to frequent transitions between islanding and grid 

connected modes which necessitates smooth grid 

synchronization, restoration, and “only-plug” capability and also 

overall low inertia as a direct result of the elimination of the 

rotating mass in EI units which drastically degrades system 

stability and frequency regulation. Furthermore, with increasing 

share of EI loads and renewable energy resources, serious 

concerns about how to handle and operate VSCs in an 

environment with numerous conventional electrical machines 

such as line start machines, doubly fed induction generators and 

synchronous generators (SGs) have raised. Some discussions 

about the effects of high penetration level of VSCs into the grid 

can be found in [3-8]. Moreover, rather unpredictable behavior of 

conventional control strategies like the vector control due to their 

interactions with the conventional electrical machines [1], [9-14] 

has attracted considerable attention to the development of a new 

class of controllers in the context of smart grid integration.   

   To overcome these difficulties, it is possible to create a 

complicated and costly control and communication infrastructure 

to optimally coordinate and control EI units and conventional 

electrical machines-based generation units which necessitates 

creating a basically new control and monitoring framework. The 

alternative is to design a unified grid-friendly control strategy for 

EI and electrical machine-based units such that grid senses them 

the same and consequently, the operation, control and analysis of 

the future complex smart grids are simplified to the conventional 

power systems. Toward this, some new and advanced controllers 

have been recently proposed to make VSCs behave like SGs [9-

24] or emulate the characteristics of VSCs in SGs [25].  The most 

comprehensive and unified ones are presented under umbrella of 

synchronous converter [12], [23-24] and synchronous-VSC [1] 

which are applicable to both islanded and grid-connected grids 

with grid self-tracking ability after initial synchronization. The 

virtual synchronous generator (VSG) [15-18] and virtual 

synchronous machine (VISMA) [19] are some other examples of 

emulating SGs in VSCs. Since these controllers act like an SG, 

they introduce some inertia for the frequency regulation known as 

virtual inertia.  Actually, any source of energy connected to the 

dc-link of VSC can provide some virtual inertia. The question is 

that how to design suitable control mechanism to properly 

regulate system. It is shown in [1], [12], [14] that the 

conventional controllers fall short for this purpose. Synchronous 

converter, bidirectional synchronous-VSC and VSGs realize the 

inertial response similar to SGs. Although the virtual 

synchronous machines and virtual inertia can significantly 

improve the system stability in smart grids with consistent 

reduction in the overall system inertia, these types of controllers 

inherent the drawbacks of SGs such as hunting around the rated 

frequency and slower response.  

   Another basic requirement of VSCs operation in smart grids is 

their successful synchronization and connection with a grid with 

unknown frequency, angle and voltage amplitude at the moment 

of connection  and keeping the synchronization even in the case 

of sudden variations of these parameters [9], [10], [12], [22], 

[26]. VSCs not only should synchronize themselves with the grid, 

but also it is essential that they inject constant amount of power 

to the grid regardless of variations of voltage frequency, angle 

and amplitude. To connect a VSC to a grid, it has been widely 

adopted in industry to use a synchronization unit, typically using 

a PLL, to estimate the grid’s parameters and align VSC’s voltage 

vector with the grid’s one to guarantee smooth connection and 

avoid large transients due to out-of-phase closing [22], [23], [27]. 

Any large delay in the PLL and the synchronization process may 

cause instability [28]. Also, the instabilities due to low-frequency 

oscillations are well discussed in the literature [29]. Several 

works have been reported in recent years to improve 

synchronization speed and accuracy [27-32]. Therefore, the 

synchronization unit has a considerable effect on the performance 
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of VSC and its poor performance (e.g., due to improper tuning of 

its control parameters) may adversely affect the VSC dynamical 

behavior and even jeopardize the converter stability [10], [28]-

[29].  This issue becomes more critical under the weak grid 

condition, islanded condition, and large penetration of DG units 

into the grid [29]. Therefore, the elimination of the need for a 

synchronization unit can be an interesting option in such 

scenarios.  
    To the authors' best knowledge, the idea of auto-

synchronization and control of converters without using a 

dedicated synchronization unit, was firstly proposed in [33] and 

then continued in [22] and [23]. Although these techniques can 

achieve “only-plug” performance and self-synchronization, they 

are nonlinear controllers with complicated design and parameter 

adjustment. Reference [10] also aims at realizing self-

synchronization ability in a VSC by adding a virtual current loop 

but it still requires the inception time and the grid voltage 

information to activate the virtual current loop.  
    This paper presents a new generation of controllers for VSCs 

with virtual inertia and PLL-less grid soft-synchronization 

capability and with dynamics similar to induction machines. This 

controller is a continuation of synchronous converters and 

synchronous-VSC to establish a unified and universal platform 

for the integration of VSCs in smart grids with improved stability 

and performance. The inducverter offers many advantages some 

of them listed as follows: 

 It has real and true PLL-less operation and grid 

synchronization ability without the need for grid 

information. In fact, the controller, PLL and 

synchronization unit are integrated into one compact 

structure. The controller also can track grid voltage 

amplitude and frequency variations. The inducverter is 

advantageous to the basic synchronous converter [12], 

[22-23] and synchronous-VSC [1] since they cannot 

guarantee grid smooth synchronization without a 

supplementary nonlinear controller.  

 The controller feeds constant amount of real and reactive 

powers to the grid regardless of variations of grid 

parameters. This is a major advantage as compared to 

the VSG [15-18], synchronous converter [12], [22-23] 

and synchronverter [10] where any deviation in the grid 

frequency results in a permanent offset in the output real 

and reactive powers.   

 The integrated power damping unit also participates in the 

power system frequency regulation and stabilization by 

introducing virtual inertia. Actually, the controller 

resembles the characteristics of an induction machine.  

  The controller is a single-loop one with both power and 

current regulation. It is implemented in a hybrid abc and 

dq frame where dq-axis current references are obtained 

according to the real and reactive power errors and these 

dq-axis current references are translated to abc voltage 

references by an adaptive virtual impedance in the abc 

frame.  

In summary, the main contribution of the paper is introducing a 

new concept:  PLL-less grid auto-synchronization without the 

grid information which is inspired by induction machine working 

principles as it has the same synchronization capabilities. To the 

best of the authors’ knowledge, this idea has not been presented 

before and we believe it can open a broad view to this new 

research area. In addition, the controller inherently introduces 

some virtual inertia to the grid to improve frequency dynamics. 
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Fig. 1. Equivalent circuit of an induction machine. 

 

Another contribution of the paper is using a hybrid single-loop 

control implemented in both dq and abc reference frames with 

both power and current control and regulation capability. PI 

controllers are used to generate dq-axis current references 

according to power references while lead-lag compensators are 

used to transform current references into three-phase voltage 

commands in the abc reference frame. The controller also offers 

superior high-performance grid synchronization under 

unbalanced and/or distorted grid conditions.  

II. INDUCTION MACHINE WORKING PRINCIPLES 

    Invented more than one hundred years ago, induction machines 

modeling, analysis and control have reached high maturity. An 

induction machine is composed of two parts:  a stator with 

symmetrical three-phase windings and a rotor which can be either 

squirrel cage or wound one. Given a three-phase voltage, the 

stator windings generate a rotating magnetic field. As the rotor of 

an induction motor is short-circuited by an end ring and cut the 

stator rotating magnetic field, some voltage is induced in the rotor 

causing some electric current flows in the rotor. Because of 

interaction between the stator and rotor magnetic fields some 

torque is generated in the machine at any rotor speed except at 

the synchronous speed. The induction motor cannot run at the 

synchronous speed because at the synchronous speed no voltage 

is induced in the rotor, the induction motor cannot develop 

torque. Slip in an induction machine is defined as  

slips r

s s

slip
 

 


   

(1) 

where  s  ,  r   and    slip   are the synchronous, slip and rotor 

frequency, respectively. Using space vector notation, the stator 

and rotor voltage equations for a short-circuited rotor induction 

machine are given by [34]-[35] 

( )s s s s s m rV R I L p I L pI    (2) 

0 ( ( )) ( )r r r r r m r sR I L p j I L p j I       (3) 

where p denotes the derivation, and r and s stand for rotor and 

stator,  s ls mL L L   and r lr mL L L   where lrL , lsL  and mL  are 

rotor leakage, stator leakage and magnetizing inductances, 

respectively. In frequency domain, (2-3) are represented by  

( )s s s s m rV R sL I sL I    (4) 

0 .r
r r m s

R
sL I sL I

slip

 
   
 

 

(5) 

 According to these equations, the conventional steady state 

circuit of an induction machine is modeled as shown in Fig.  1. 

Therefore, the equivalent impedance of an induction machine 

relating its input current and terminal voltage is expressed by 

2

[( ) ]

[( ) ]

[ ( )]

[( ) ]

S m lr s ls r m r s r
v

S lr m r

m lr ls m lr

lr m r

V slip L L R L R L R s R R
Z

I L L slip s R

slip L L L L L s

L L slip s R

   
  

 

 


 

 

(6) 

http://www.electrical4u.com/induction-motor-types-of-induction-motor/
http://www.electrical4u.com/what-is-magnetic-field/
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which describes the impedance characteristics of an induction 

machine and relates current and voltage. In other words, given a 

specific voltage waveform current waveforms can be obtained 

using this equation.  Air gap power is calculated by  

2
3 r

ag r

R
P I

slip


 

(7) 

and output converted mechanical power ( mechP ) and torque ( eT ) 

are estimated by [34] 

2
(1 ) 3(1 ) .r

mech ag r
R

P slip P slip I
slip

     
(8) 

 
2

2

1

2 2

.

( )
s

r
s

e
r

ls lr

R
V

slip
T

R
L L

slip




 
 

(9) 

Fig. 2 shows the power waveforms of an induction machine as a 

function of rotor speed and at different synchronous speed. As it 

is seen, when a machine, with arbitrarily initial rotor speed near 

to the synchronous speed (point A in Fig. 2) and constant load 

power on its shaft, is connected to a grid with frequency 0s , it 

generates some torque/power which enables it to start. Thus, an 

induction has self-start capability regardless of the grid frequency 

and voltage amplitude and after some time the rotor speed 

converges to an equilibrium point (point B), which is different 

from the synchronous or equivalently grid frequency, and 

provides the required output load power. Rotor speed depends on 

many factors like rotor resistance and inductance and output 

power. Another important factor in induction machine operation 

and also its self-start capability is its overall variable and adaptive 

equivalent impedance which provides a variable output power, 

almost proportional to the rotor slip, and enables it to adapt itself 

to load power and grid frequency variations.  However, during 

the start-up process the output torque and currents may increase 

to several times of their nominal values. To overcome this 

difficulty, a soft-start process is usually adopted in which the 

terminal voltages of the machine are properly controlled to limit 

output power and currents.   

   Induction machines also offer another major advantage as their 

rotor stores some kinetic energy which can damp power and 

frequency oscillations by injecting or absorbing power during 

contingencies and participate in frequency control and regulation.  

For example, if the load power increases from 1P  to 2P  the rotor 

speed temporarily decreases to feed some short term energy to 

the load and damp load disturbance. After the power disturbance 

is damped, again rotor speed increases and recovers its new 

equilibrium point (point C).  Moreover, an induction machine can 

easily switch from motoring mode to generative mode with slight 

change in the rotor speed. Simply speaking, when a machine 

working in motoring mode with a slight change in the rotor 

speed, it can increase to larger values of the synchronous speed 

and the machine can operate as a generator. Now suppose that the 

grid frequency reduces to 1s  as shown in Fig. 2. The 

corresponding power/torque waveform for this grid frequency is 

shifted to the left. In this case, the rotor speed also converges to a 

new and unknown equilibrium point (point D). There is no need 

to know the grid frequency and also the rotor frequency since 

they are varied and adjusted simultaneously. It is worth taking 

into account that the induction machine can generate a constant 

output power or torque independent of variations of grid voltage  

 
Fig. 2. Power/torque curve of an induction machine as a function of rotor 

frequency and at different synchronous frequencies.   

 

 

frequency, angle and amplitude. Synchronous generators can also 

track grid voltage frequency and amplitude variations and 

synchronize themselves with the grid; however, any deviation in 

the grid frequency and voltage amplitude causes a permanent 

offset in output generated power which may saturate or overload 

the machine. This necessitates a mechanism to detect the grid 

frequency and correct the power and frequency set points to keep 

the output power constant. This needs a PLL which is in 

contradiction to the self-synchronization ability of synchronous 

generators.  

 

III. INDUCVERTER 

   As discussed earlier, induction machines offer numerous 

advantages in terms of dynamic, operation and performance such 

as automatic grid soft-start and soft-synchronization, adaptive 

impedance behaviour, and power and frequency regulation due to 

the rotor inertia. In this paper, a new control strategy is developed 

called inducverter which emulates the dynamical behaviour of 

induction machines. The basic idea is simple and straightforward: 

if an induction machine has self- and soft-start capability and can 

automatically synchronize itself with a grid and track its 

variations without any information from the grid, a controller 

with the same dynamic features and characteristics can also 

realize these objectives. The inducverter also inherently enjoys 

the benefit of virtual inertia to enhance frequency and power 

regulation and grid senses the dc-link as a virtual rotor. Also, the 

concepts of adaptive virtual impedance and hybrid dq/abc frame 

control are introduced in this paper. The hybrid dq/abc control 

means that the controller is a single loop one which is 

implemented in both dq and abc frames. In fact, a vector 

controller generates the references of d- and q-axis currents as 

functions of the real and reactive power errors and virtual 

adaptive lead/lag compensators in polar abc coordinate adjust the 

three-phase voltages according to d- and q-axis reference 

currents. The overall controller consists of two main parts, 

namely the current/power damping and synchronization unit 

which generates the reference frequency and aims at grid soft and 

auto-synchronization and the second part is the core controller 

which adjusts three-phase voltage references such that the preset 

real and reactive powers are generated.  
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Fig. 3. Implementation and different parts of an inducverter. 

 

A. Current damping and synchronization unit  

In the conventional control strategies such as the vector control 

and direct power control a PLL is necessary to obtain the grid 

frequency and angle. Actually, the PLL plays two roles: firstly 

for the initial synchronization with the grid it is employed in a 

synchronization unit and when the voltage vectors of the VSC 

and the grid are aligned the breaker between them is closed. Any 

failure in this process results in out-of-phase closing and may 

cause instability and damage to VSC. Secondly, after initial grid 

synchronization, the PLL is responsible for estimation of grid 

voltage frequency and angle for the abc to dq frame 

transformation.  

In this paper, an augmented controller and PLL strategy is 

developed in which a current damping/synchronization unit 

replaces both the synchronization unit and the PLL as it provides 

self- and soft-start and virtual inertia without the need for grid 

information. The inducverter has two main parts: an electrical 

part which is a real converter and the related RL or LCL filter 

shown in Fig. 3 and the second part is the control part which by 

proper voltage control enables the converter to behave similar to 

an induction machine. The control part generates PWM signals 

applied to the real converter. To obtain the model of the current 

damping unit, the equivalent model of an induction machine 

model in dq frame for a VSC mimicking its behaviour is given as 

follows: 

ds ds s qs s dsV p R I      (10) 

qs qs s ds s qsV p R I      (11) 

0dr dr slip qr r drV p R I     
 

(12) 

0qr qr slip dr r qrV p R I     
 

(13) 

where dsV  , qsV , ds  and qs  are dq-axis voltages and stator flux 

linkages, respectively. Equations (12-13) represent the electrical 

model of a short-circuited rotor. The speed of rotation of the 

synchronous frame is s  which is a varying with time parameter. 

The governing equations for the rotor and stator flux linkages are  

ds s m ds

dr m r dr

L L I

L L I





     
     

     
 

(14) 

qs qss m

m rqr qr

IL L

L L I





    
    

         

(15) 

The virtual torque equation in this case is expressed by [35] 

3
( )

2
ds qs qs dsT I I  

 

(16) 

The problem related with this modeling is that the synchronous  

speed ( s ) should be known whereas the grid frequency in the 

modeling is considered as a variable and is unknown. Toward 

this, the grid frequency should be estimated as a function of other 

parameters and eliminated from the equations. As shown below, 

in steady state operation the proposed controller is able to 

synchronize the flux with d-axis. Then, in order to ease the 

dynamics analysis this situation is assumed: dr K   and 0qr  . 

It should be noted that we decide the direction of the dq-frame, so 

in this case it is assumed the d-axis is aligned with the virtual 

rotor flux simplifying the torque equation. This is known as field-

oriented control of induction machines which is very well-known 

in the literature [34], [35]. The same idea has been extensively 

used for the conventional voltage-based PLLs where the voltage 

angle is obtained such that voltage vector is aligned with the d-

axis [36], [37].  In this case, with some math using equations (10-

15) the virtual torque equation of (16) is simplified to  

3

2

m
e qs

r

L
T KI

L


 

 

(17) 

This indicates that the virtual torque and equivalently the real 

power are proportional to the q-axis current. Also, with 

assumption of 0qr  , equations (12-13) are simplified to  

0r dr drR I p   (18) 

0r qr slip drR I   

 

(19) 

which yields  

( )m
qr qs

r

L
I I

L
   

(20) 

  /dr dr m ds lrI L I L 

 

(21) 

Substituting these equations into (12-13), the following equations 

are obtained 

  slip m r qs drL I    
(22) 

dr
r dr m ds

d
L I

dt


  

 

(23) 

where r lr rL R  . So far the dynamics of the slip frequency is 

obtained. This frequency is unknown and can adapt itself to the 

output power, grid frequency and connecting line impedance 

variations.  To obtain the dynamic of the output frequency and 

angle similar to a PLL, the mechanical dynamic of the virtual 

rotor is expressed by 

 
1r

e L r

d
T T D

dt J


  

 

(24) 

where J is the momentum inertia of the virtual rotor and D is the 

virtual friction and damping and the generated output torque is 

given by (16). So in the frequency domain it has a first order low-

pass filter characteristic and yields  

 
1

r e LT T
Js D

  


 

(25) 

The friction factor D also plays the role of power/torque 

drooping. Equations (24) and (25) overall describe the frequency  
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Fig. 4. Schematic view of the proposed induction power controller.  

 

 

dynamics of the converter while (24) is the dominant term and 

the slip frequency of (22) adds an adaptive term which adjusts 

itself to grid voltage and also output power variations. Finally, 

the angle reference is calculated by 

 0r slip dt     
 

(26) 

where 0  is the rotor initial frequency. In fact, it is similar to 

connect an induction machine rotating at initial rotor speed of 0  

to a grid. If 0  is selected some value near to the synchronous 

frequency, it can reduce frequency deviations and transients 

subsequent to the grid connection. The power damping unit is a 

closed loop unit where the output angle is fed back to the abc/dq 

transformation block and d- and q-axis currents are used to for 

the frequency calculation. The virtual rotor term J introduces 

some inertia to the system and regulate frequency. Actually, in an 

inducverter the d- and q-axis currents are calculated in the abc to 

dq block such that the grid senses the dc link as a virtual rotor 

which can feed or absorb short term energy to improve frequency 

stability. The size of virtual rotor inertia (J) can be calculated for 

small values of slip by equalizing the stored energy in the dc-link 

capacitor (C) and virtual rotor of the inducverter: 

2 21 1

2 2
s DCJ CV 

 

(27) 

Nevertheless, this equation does not take into account that there is 

a lower limit of the DC link voltage that allows the converter to 

operate correctly, while the converters are usually designed to 

optimize the DC Link voltage. To overcome this difficulty, the 

energy transferred through the dc-link capacitor within time 

interval of T is set equal to the energy transferred by the virtual 

rotor inertia (J). The same approach was also adopted in [1], [13]. 

The describing power equation of the dc-link capacitor is 

expressed by 

 

 

 

DC
DC in out

dV
CV P P

dt
 

 

(28) 

Assuming the grid frequency variations are small, which is 

normally the case, the power transfer equation of the virtual rotor 

can be obtained by using the same swing equation given in [41]: 

r
m in out

d
M P P

dt


 

 

(29) 

 where m sM J .  

Integrating both (28) and (29) within a time interval and equating 

them results in: 

0

DC

s DC

V

m r DC
V

M d CdV



    

(30) 

2 2
0

1
( ) ( )

2
m s DC DCM C V V   

 

(31) 

2
0

0

1
[(1 ) 1]

2

DC
m DC

DC

V
M CV

V



     

(32) 

2
2 2

0 0
[(1 ) 1]

( )

2 ( )

DC

DC s DC

s

V
C V V

J


 


 




 

(33) 

In the above equations 0DCV  is the initial DC link voltage. The 

time-constant of the frequency loop is expressed by 

f

J

D
 

 

(34) 

Larger values of J result in a better frequency regulation, but at 

the cost of a slower response. However, the damping factor D can 

be increased to present larger bandwidth and faster response. 

Since parameters are virtual, designer can select values for these 

parameters of the emulated inertia which are not practical for real 

machines. Similarly, the virtual electrical parameters such as
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Fig. 5. Conventional synchronization process, applied to a synchronous 

current converter.  

 

can take values which are not available for the real induction 

machines with the same power rating. However, the most 

straightforward approach is to adopt the parameters of the 

equivalent induction machine. Fig. 4 shows the implementation 

of the proposed inducverter. For the calculation of real and 

reactive powers and also virtual torque it is possible to use either 

voltage commands ( abce ) or filter voltage (point F in Fig. 4) by 

using voltage sensors. In the first case, no voltage sensor is 

required and the controller regulates filter power whereas in the 

second case voltage sensors are required and the injected powers 

to the line (after the filter) are controlled.  

B. Controller core and adaptive virtual impedance  

    The main duty of the power damping unit is to properly 

estimate frequency and angle similar to a PLL using local 

information and realize self-synchronization. The core controller 

shown in Fig. 4 aims at generating preset values of the real and 

reactive powers using the angle reference given by the current 

damping/self-synchronization unit. According to equation (17), 

the virtual torque and real powers are controllable through the q-

axis current. The core controller consists of two individual 

channels; the first channel controls and regulates real power by a 

simple proportional-integrator (PI) controller. In the same way, 

the second channel forces the error between the output reactive 

power and its reference to zero.   

   One interesting point of the proposed controller is that it is 

implemented in both dq and abc frame, i.e. it is a hybrid abc/dq 

frame control. The PI controllers tune the current references; 

however, three-phase voltage references are required to be 

applied to the converter. It is possible to use an inner voltage loop 

similar to the conventional vector control strategies in which d- 

and q-axis currents are fed back to the voltage loop and finally 

the d- and q-axis voltage references are obtained and applied to 

the VSC. Nevertheless, one more inner loop is necessary which 

in turn reduces overall bandwidth of the system and response 

speed as well. As an alternative, it is also possible to obtain the 

three-phase current references and calculate voltage references 

using virtual impedance. Since it is supposed that the controller 

presents the dynamic characteristics of an induction  

 

machine, the transfer function of the virtual impedance can be 

adopted from an equivalent induction machine in abc frame.  The 

background philosophy is what the terminal voltages of an 

induction machine would be if a given current waveform is 

applied to it? Referring to equation (6) it is worth mentioning that 

since , ,m lr r sL L R R , the coefficient of
 

2s  is much smaller of 

other terms in the nominator and as an approximation it can be 

omitted. Thus, the virtual impedance transfer function vZ  is 

approximated as  

[( ) ]

[( ) ]

,
[( ) ] ( )

m lr s ls r m r s r
v

lr m r

s r r

m lr s ls r m r lr m

slip L L R L R L R s R R
Z

L L slip s R

s z

s p

R R R
z p

slip L L R L R L R L L slip

   


 






 
   

 

(35)  

This represents an adaptive lead or lag compensator. Whether it is 

important to enhance the transient response or steady state error 

either lead or lag compensator can be selected. However, the 

locations of the zero and the pole for a given slip can be easily 

determined using the parameters of an induction machine with 

the same rated power.   

IV. CONVENTIONAL GRID SYNCHRONIZATION METHOD 

   VSCs in microgrid applications are connected to the main 

utility grid through a static switch at the point of common 

coupling (PCC) which is commonly remote from the VSCs.  Fig. 

5 shows the conventional synchronization process applied to a 

synchronous current converter [12]. The same process is also 

adopted for the connection of the conventional vector-control-

based strategies. For smooth connection, the synchronization unit 

by proper voltage adjustment of the VSC makes the voltages 

difference of both sides of the static switch minimum. To this 

end, the voltages of points A and B are measured using voltage 

sensors and their frequency, angle and amplitude are extracted in 

synchro-phasor units, typically by a PLL [39]. This information is 

then fed back to the synchronization unit using a communication 

link, and the synchronization unit adjust the initial frequency  
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TABLE I. CRITERIA FOR STANDARD GRID SYNCHRONIZATION PROCESS [38] 

Average rating of VSC Frequency 
difference 

( , )f Hz  

Voltage magnitude 
difference  

( ,%)V  

Phase-angle 
difference 

 ( , )  

0-500 kVA 0.3 10 20 

>500-1500 kVA 0.2 5 15 

>1500-10000 kVA 0.1 3 10 

 

( 0 ), angle ( 0 ) and amplitude ( 0E ) of voltage  of VSC such that 

the difference of these variables at points A and B are kept within 

the acceptable limits for several cycles according to IEEE Std. 

1547 [38] given in Table I. Consequently, in the conventional 

method, a PLL and related voltage sensors at each side of the 

static switch, and a communication link are needed. Moreover, a 

synchronization algorithm should be adopted to check 

synchronization criteria whereas any failure in accurate 

estimation of the grid voltage variables or slow synchronization 

process may result in unsuccessful grid synchronization. 

   Contrary to the conventional method, the inducverter does not 

require voltage sensors, synchronization unit, and communication 

links for normal operation and connection to the grid. These 

features make the structure of inducverter simpler and more 

compact, and make its performance faster and more robust. This 

discussion indicates that the computation burden of the 

inducverters is much lower than the common synchronization 

approaches and it has better reliability. 

V. COMPARISON WITH SYNCHRONOUS CURRENT CONVERTERS 

   Using current components for the grid synchronization, 

synchronous current converters are current-based PLLs as 

opposed to the conventional voltage-based PLLs [12], [40]. Fig. 5 

shows the basic synchronous current converter structure. The 

synchronous current converters in their initial visions do not have 

any need for grid voltage information and also voltage sensors 

after the initial synchronization as grid synchronization and 

control objectives can be realized using only current information. 

Therefore, similar to the inducverter in its initial vision, the PLL 

and voltage sensors can be eliminated after the initial grid 

synchronization. However, as opposed to the inducverters, 

synchronous current converters cannot guarantee initial smooth 

grid connection without an auxiliary synchronization process and 

unit. Also, any disturbance or deviation in the frequency and 

angle of grid voltage results in a permanent offset in the output 

powers as synchronous converters are supposed to inject preset 

current components/powers at a given frequency which is a 

critical drawback.  

   An interesting point of synchronous current converters is that 

they are single-loop voltage controlled controllers with current 

control, limitation and regulation capability. In the inducverter, in 

its initial vision, it is possible to eliminate voltage sensors by 

using output voltage commands to calculate power as shown in 

Fig. 4. However, it is also possible to measure three- filter 

voltages by voltage sensors to control and regulate injected 

powers to the grid after the filter. 

   In normal conditions and after initial synchronization, 

synchronous converters are simpler controllers with lower 

computation burden as compared with inducverters since they do 

not have the auxiliary current damping/synchronization unit. 

Both inducverters and synchronous converters introduce some 

virtual inertia to power system and can participate in power 

TABLE II. COMPARISON OF SYNCHRONOUS CURRENT 

CONVERTERS AND INDUCVERTERS 

Feature  Synchronous 

current converter 
Inducverter 

PLL-less grid auto-start   

PLL-less operation after initial 

synchronization 

  

Integrated current-based-PLL and 

controller 

  

Voltage-sensor-less  operation 

capability 

  

Constant power generation after 

disturbance in grid  

  

Single-loop controller   

Current control and limitation   

Simplicity and very low 

computation in normal condition  

  

Virtual inertia for frequency 

regulation 

  

 

TABLE III. SIMULATED SYSTEM PARAMETERS 

Parameter Value (SI) 

Line inductance 4 mH 

Line resistance 0.3
  

Grid  L-L voltage rms 190 v 

Filter inductance 1.4 mH 

Filter resistance 0.2
 

DC link voltage 300 v 

Virtual rotor  momentum (J) 0.1 

Virtual damping (D) 4.1 

r  
0.5 

1k
 

0.66 

pk
 

0.005 

ik
 

0.1 

Switching frequency  10 kHz 

 

system frequency control and regulation. Table II shows the 

comparison between the synchronous converters and 

inducverters.  

 

VI. SIMULATION RESULTS  

    Performance of the proposed controller is investigated to 

validate its efficacy in a wide range of operating conditions by 

simulations carried out in the SIMULINK environment. The 

simulated system involves one VSC connected to the utility 

through the filter and line impedances. The controller parameters 

are given in Table III. To obtain the transfer function of the 

adaptive virtual impedance, it is necessary to have lrL , rR , lsL  , 

sR  and mL .Toward this, the connecting filter can be considered as 

the virtual stator of the inducverter, so 0.3sR    and 1.4lsL mH . 

The parameters of the virtual rotor are obtained using r and an 

equivalent induction machine with 2lrL mH and 40mL mH , 

so (0.0128 0.003) (0.042 0.01)vZ slip s slip s       . Several scenarios 

are taken into account presented in the following.  
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A. Start-up: soft-synchronization capability and disturbance in 

the grid frequency  

    In this case, the VSC is suddenly connected to the grid at t=0 

while no synchronization process and unit are used and the grid 

information is also not available. It is assumed that grid has rated 

frequency (60Hz) and voltage amplitude. The real and reactive 

power references are set to 10 kW and 4kVAr at the moment of 

grid connection. The power, frequency and current waveforms 

are shown in Fig. 6. A very smooth grid connection is achieved 

and the power and frequency reach their steady state conditions 

within 0.2 s. The initial frequency of the inducverter was set to 

0 58.5  Hz which corresponds to the initial frequency of an 

induction machine rotor. The power damping unit provides the 

self-synchronization capability by using output power 

information and the core power control loops helps the power 

damping unit to limit and regulate current during grid 

synchronization to smooth the synchronization and realize soft-

start. In the conventional synchronization processes the power 

references are set to zero during the start-up to prevent huge 

currents flow to circuit and after synchronization completed the 

power references are changed to their preset values [10] whereas 

in this strategy the controller can easily track preset power values 

even immediately after the start-up period. The proposed method 

also benefits from a simpler and more compact structure 

compared to the conventional method and offers a more robust 

performance as it does not require a dedicated synchronization 

unit which also in turn eliminates instabilities due to interactions 

between the converter and the synchronization unit.   

   At t=0.75 s, the real power reference changes to 8 kW. It is 

observed that the controller can track reference variations within 

0.2 s. At t=2.5 s the grid frequency is reduced by 0.5 Hz. The 

shown waveforms prove that the inducverter can rapidly adapt 

itself to the grid frequency variations while the power waveforms 

are settled in less than 0.1 s.  In spite of controllers mimicking 

synchronous machines like VSGs [15-19], synchronverter [10] 

and synchronous converters [12], [22-23] the proposed controller 

can adapt itself with the grid voltage variations without any 

permanent deviations in the output powers. Actually, in this case 

the virtual rotor frequency and slip frequency are tuned 

adaptively by the controller such that the overall frequency 

becomes equal to the grid frequency and the output power 

remains constant.  

 

B. Fault-ride-through capability: disturbance in the grid voltage 

amplitude and angle jump 

   Another salient feature of the self-synchronization of the 

induction machine is its ability to damp and track grid voltage 

and angle variations without any information from the grid. To 

investigate this point, it is assumed that the VSC generates 8kW 

at 60 Hz and at t=2 s the grid faces an angle jump equal to 15  and 

at t=3 s the grid voltage is suddenly dropped by 20%. The 

waveforms of power, frequency and current are presented in Fig. 

7. For the case of angle disturbance, after some minor oscillations 

in the output power and frequency, the controller easily damps 

power oscillations disturbance within 0.15 s while the frequency 

settles within 0.5 s. No permanent offset in the output powers 

occurs. The controller is also capable to easily handle the grid 

voltage amplitude drop; however, when the angle jump happens, 

the output currents are slightly increased which is acceptable as 

VSCs are supposed to tolerate over current for some cycles.  
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Fig. 6. Simulation results for case A: (a) real power, (b) reactive power, 

(c) frequency, (d) instantaneous currents during the start-up, and (e) 

converter output voltages.   
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(d) 

Fig. 7. Simulation results for case B: disturbance in the grid voltage 

amplitude and angle, (a) real power, (b) frequency, (c) currents 

subsequent to the angle disturbance, and (d) currents subsequent to the 

voltage amplitude disturbance. 

 

C. Soft start when grid frequency and voltage amplitude are 

higher than the rated and disturbance in the DC link voltage 

   In this case, it is assumed that the VSC is disconnected fr‎om the 

grid and the protection system stops its operation in the islanded 

mode. Again the breaker is suddenly closed and the grid is 

restored without any prior synchronization process. In this case,  
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(c) 

Fig. 8. Simulation results for case C, (a) real power, (b) frequency, and 

(c) reactive power. 

 

the grid frequency is higher than the rated and is equal to 60.2 Hz 

and voltage amplitude is 10% higher than the nominal. This is to 

show effectiveness of the inducverter for soft-start with a grid 

with frequency and voltage amplitude different from the rated 

values. The results are shown in. Fig. 8. Although, the grid 

voltage parameters are different from their rated values, the 

power damping/soft synchronization unit enables the VSC to 

synchronize itself with the grid smoothly without considerable 

overshoot and oscillations while it generates the preset real and 

reactive powers subsequent to the grid connection. It is seen that 

variations of the utility voltage parameters do not have effect on 

the controller performance and the amount of the output power.  

    Photovoltaic (PV) generation units as the most common form 

of EI generation units are subject to frequent variation of the 

output dc-link voltage. Until the dc–link voltage is higher than a 

specific level the VSC can continue its operation. Also, in the 

future smart power systems, it is essential that VSCs continue 

their operation when voltage sag occurs in the grid.  To study 
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(c) 

Fig. 9. Inducverter performance under unbalanced line condition: (a) real 

power, (b) frequency and (c) phase currents (pu).  

 

 controller performance in this contingency, the dc-link voltage is 

changed from 300 v to 350 v at t=1 s. Since the dc-link voltage 

remains within the thresholds, as shown in Fig. 8, the VSC still 

can feed the preset powers with appropriate voltage generation. 

The effect of the dc-link voltage disturbance is almost negligible 

as controller can easily damp it within 0.15 s by proper 

adjustment of modulation index. The system is robust against 

both dc–link and grid voltage variations.  

 

D. Grid synchronization under unbalanced and distorted grid 

condition 

   It is important for a VSC to synchronize itself in a polluted grid 

environment and under unbalanced and/or grid voltage distorted 

conditions. It is well-known in the literature that induction 

 

0 0.2 0.4 0.6 0.8 1
0

2000

4000

6000

8000

10000

Time (s)

R
e
a
l 
p
o
w

e
r(

W
) 

 
(a) 

 

0 0.5 1 1.5

59

59.5

60

60.5

Time (s)
F

re
q
u
e
n
c
y
(H

z
)

 
(b) 

0 0.02 0.04 0.06 0.08 0.1

-200

-100

0

100

200

Time (s)

V
o
lt
a
g
e
(v

)

 
(c) 

Fig. 10. Inducverter performance under distorted grid condition: (a) real 

power, (b) frequency and (c) grid voltage.  

 

 

machines can easily operate under unbalanced conditions. Thus, 

it is expected that inducverters present smooth and stable 

operation and synchronization in polluted grids. This is because 

of two main reasons: first using virtual torque/power as the 

feedback signal for synchronization has better performance since 

voltage oscillations are less pronounced in the output power, 

power-based inducverter has better performance than 

conventional voltage-based PLLs. Second, the virtual inertia term 

in the synchronization unit act like a low-pass filter, so it filters 

out ripples and fluctuations due to voltage distortions and as a 

result frequency is not almost affected. Despite, voltage-based 

PLLs are sensitive to voltage distortions and need some 

techniques to overcome this difficulty.  

    Toward this, two scenarios are considered shown in Figs. 9 and 

10. In the first, the VSC is connected to a grid with frequency of 

60.2 Hz through unbalanced lines and grid frequency reduces to  
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TABLE IV 

PARAMETERS OF THE SYNCHRONOUS CURRENT CONVERTER 
Parameter  Value (SI) 

pk  10 

fk  12 

dk  0.8 

qk  0.5 

qik  50 

DC link voltage 450 

 

60 Hz at t=2.5 s. The line impedances are 0.4 1.885aZ j   , 

0.3 1.508bZ j   and 0.35 1.696cZ j   showing more than 25% 

impedance mismatch between the connecting lines. Fig. 9 shows the 

corresponding waveforms. To show power oscillations in a better 

way and eliminate switching effects, average model of VSC is 

used in this case.  Ripples with amplitude of 550 W appear in the 

output real power. The frequency ripple in the steady state is 

limited to 0.024 Hz due filtering effect of the virtual rotor.  At 

t=2.5 s, the grid frequency returns to its rated value, i.e. 60 Hz 

and as shown in Fig. 9, the VSC can easily track grid voltage 

frequency variation.  

   In the second scenario, the grid voltage has fifth and seventh 

order harmonics equal to 20% and 15% of the fundamental 

harmonic, respectively. Fig. 10 shows the corresponding results 

for this case. The currents are totally distorted, however, the 

connection is still successful and power and frequency 

waveforms show ripples less than 1100 W and 0.029 Hz, 

respectively.  Actually, the effects of current and power 

harmonics are almost filtered-out in the synchronization unit 

because of the virtual rotor resulting in stable synchronization 

and performance.  

 

E. Comparison with synchronous current converters 

   As mentioned earlier, inducverters offer some advantages over 

synchronous converters. To investigate these superiorities, some 

simulations are carried out using the controller shown in Fig. 5. 

The controller parameters are given in Table IV and are tuned 

such that the fastest response with steady state error less than 

0.5% are achieved. d- and q-axis current references are set such 

that in the steady state converter generates P=10000 W and 

Q=4000 VAr. In the first case, a synchronization process is used 

to match frequency, angle and amplitude of voltages of both sides 

of the switch at the moment of connection to provide smooth grid 

synchronization. At t=1 s, the grid frequency reduces to 59.5 Hz, 

and at t=2 s the grid frequency returns to its rated value, i.e. 60 

Hz. As it can be seen from Fig. 11, although subsequent to the 

grid connection overall system operation is good, the output 

powers are oscillatory for some cycles, some minor overshoot is 

observed, and the settling time is 0.5 s which is larger than the 

settling time of the inducverter (less than 0.1 s). When 

disturbance in the grid frequency occurs, the synchronous current 

converter can easily tracks its variations using only local current 

information without any voltage sensor or PLL. However, a 

major drawback related to synchronous current converters can be 

seen from Fig. 11 that a grid frequency variation at t =1 s results 

in a permanent offset in the output powers where real power 

increases to about 16 kW. In the second case, shown in Fig. 12, it 

is assumed that at the moment of connection there is an angle  
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Fig. 11. Performance of synchronous current converter subsequent to 

grid connection using the standard synchronization process, (a) real 

power and (b) frequency. 
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Fig. 12. Real power waveform of synchronous current converter in the 

case of 30 out-of-phase breaker closing. 

 

mismatch of 30  between two sides of the breaker. Subsequent to 

the grid connection, the output real power may be increased to 

about twice of the steady state values which may cause protection 

system act. However, the synchronous current converter is still 

able to synchronize itself with the grid and reach its steady state 

value within 0.8 s. 

VII. REAL-TIME-HIL RESULTS 

   The effectiveness of the proposed inducverter is validated in a 

dSPACE 1006 based real-time HIL system. A VSC is connected 

to an ideal utility grid through a breaker, an RL filter and a 

connecting line.  
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(a) 

 
(b) 

 
(c) 

Fig. 13. Real-time HIL results for auto-synchronization with a grid with 

frequency of 60.2 Hz, (a) real and reactive powers, (b) frequency 

deviation (Hz), and (c) output currents (pu). 

 

The breaker is located at the PCC. The HIL model implements a 

multirrating emulation of the circuit: 

a) The power circuit, which includes a programmed voltage 

source with 61.2 Hz as the grid frequency at the moment 

of connection and the power converter, has been 

implemented in a piece of code running at 2.5e-5 s.  

b) The control algorithm works at a sampling rate of 2e-4s, 

and sets the reference of the power converter.  

This set-up permits to test the suiability of the discrete-time 

control algorithm working in a frequency-deviated environment, 

which is not feasible to reproduct with real hardware. Two 

different scenarios are taken into account as follows: 

A. Auto-start with a grid with frequency of 60.2 Hz 

   In this case, to show the ability of the inducverter to 

automatically synchronize itself with a grid with unknown 

frequency, it is assumed the grid is initially working at frequency 

of 60.2 Hz which is different from its rated value, i.e. 60 Hz, and 

voltage amplitude is also 5% higher than its rated value. The 

switching frequency is 5 kHz. No PLL or synchronization  

 

 
(a) 

 
(b) 

Fig. 14. Real-time HIL results for variation in grid frequency, (a) average real and 

reactive powers and (b) frequency deviation from 60 Hz. 

 

process is used. The breaker is suddenly closed and this moment 

is considered as the reference of time, i.e. t=0. The corresponding  

power, current and frequency deviation waveforms are shown in 

Fig. 13. Although the grid frequency is 60.2 Hz, the inducverter 

can easily synchronize itself with the grid using local current 

information. Actually, the controller generates some 

synchronizing and damping current by proper angle adjustment 

providing smooth grid auto-synchronization. It should be noted 

that for better resolution frequency deviation from 60 Hz is 

shown and the initial frequency is set to 58.7 Hz. The settling 

times for real and reactive powers are less than 0.1 s.  

B. Disturbance in the grid frequency 

   In the second scenario, at t=2.5 s the grid frequency returns 

from 60.2 Hz to its rated value, i.e. 60 Hz. The corresponding 

waveforms of average real and reactive powers and frequency are 

shown in Fig. 14. Again, the inducverter is able to track 

variations of grid frequency using current information. It is also 

seen that after some minor oscillations, the inducverter inject 

constant amount of power to grid regardless of grid frequency.  

 

VIII.  EXPERIMENTAL RESULTS 

   The start-up operation has been performed in a lab scale. A 2.2 

kW Danfoss power converter driven by dSpace 1006 is employed 

for that purpose. The grid voltage is 230 Vrms. The active power 

and reactive power references have been set to 1500 W and 750 

VA, respectively. Fig. 15 (a) shows the active power and reactive 

power during the start up. Fig. 15 (b) shows the current during 

the start up. These results obtained at a lab-scale prototype match 

the time responses predicted by the simulation models. Please 

note that an RL filter instead of LC filter is used which results in 

high noise in the output powers due to switching effect.  
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(a) 

 
(b) 

Fig. 15. Experimental results for an inducverter with RL filter, (a) real 

and reactive powers and (b) three-phase currents.  

 

 

IX.  CONCLUSIONS 

   A new control strategy was developed for the integration of 

VSCs to smart grids with soft-start and virtual inertia capability. 

The controller has two main parts. The current 

damping/synchronization unit provides self-synchronization and 

self-start capability for VSCs for by using output current 

information without any information from the grid. The focus of 

this paper is to substitute synchronization and PLL algorithms by 

control blocks which emulate the induction machine dynamics. 

Then, the proposed inducverter has the following features: it has 

self-start and is adaptive to the grid voltage frequency and 

amplitude variations. The proposed controller can significantly 

reduce computation burden and improve system stability by 

elimination of PLL. The proposed controller also introduces some 

emulated inertia to power system helping frequency regulation in 

the future smart power systems with overall low inertia of VSCs. 

The paper extends the previous works in [1], [12], [22-23], [40] 

to form a unified set of controllers for the smart grid integration.  
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