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Abstract—Active rectifier topologies are used for different
purposes, especially widespread in renewable generation and
distributed energy sources. The most common configuration for
active rectifiers is the back-to-back converter. In this article,
a back-to-back structure for connecting a variable frequency
source to the utility grid is observed and a control algorithm,
robust to grid impedance values, is developed for the grid-side
converter part. In order to reduce current harmonics, an LC
filter is used. Three control loops were developed in a cascaded
structure for controlling the grid active and reactive power,
and DC-link. Controller parameters were chosen by using the
magnitude optimum approach and the root locus method while
Truxal-Guillemin approach is used for the DC voltage control
due to the complexity of the corresponding DC link model.
The obtained control algorithm is validated through simulations
in PLECS software for several inductive and capacitive grid
impedance conditions.

Index Terms—Back-to-back converter, grid active rectifier,
robustness, grid impedance, current control, voltage control.

I. INTRODUCTION

Encouraged by various policy initiatives like European
Union’s (EU’s) 20-20-20 by 2020, an increased integration of
renewables in the last decade is evident. This trend is expected
to continue further due to, among others, new EU goals to
increase renewable energy contribution in the energy mix to
27% by the year 2030 [1]. This high integration also leads to
a higher development and usage of power electronics. Active
rectifier topology is especially interesting in this field since it
is used in different configurations such as connecting storages
and wind turbines (WTs) to an AC grid [2] [3] [4]. The
connections of DC microgrids to utility grids is also achieved
via active rectifier topology. In all these configurations, the
amount of power injected to or from the grid is controlled via
converter control.

The AC/AC conversion in a back-to-back converter can be
direct and indirect. Although there are some advantages of the
direct conversion (one-stage power conversion, less switching
losses and better harmonic performance on the generator side),
indirect AC/AC conversion is widely adopted since it offers,
as its main advantage, a decoupling between the grid and the
generator [2] [5]. This configuration can be divided into a
generator-side converter and a grid-side converter that allow
separated control of both parts. Grid-side converters have the
capability of managing both active and reactive power [6] and

thus the different modes of operation are achievable, dictated
by the grid codes [7].

Grid converter topologies can be divided into single-cell and
multicell topologies, which can further be divided into voltage-
source converters (VSC) and current-source converters (CSC).
A basic review of different topologies with their advantages
and disadvantages can be found in [2] whereas more details
can be found in [8] [9]. The VSC is widely spread and is the
type of converter used for control purposes in this paper. In the
VSC topology, a DC link capacitor feeds the main converter
circuit consisted of a three-phase bridge.

The DC link topology considered in the paper is moti-
vated by connecting the two inverters (motor drives), which
are cheaper solution than dedicated active rectifiers due to
large number of serial production units. More specifically,
we consider here a connection of two Danfoss FC302 power
converters via the common DC link bus. As a consequence,
additional filtering inductances and capacitances are present in
the DC link, which leads to a more complex model required
to capture relevant dynamics. The presented methodology can
be represented as a general approach in modeling DC links of
power converters.

The VSC controls the AC current through transistor switch-
ing that as a consequence controls the power transfer. Namely,
the change in AC current amplitude causes a change in AC
active power, which finally causes the DC power to change.
This results in charging or discharging of the DC capacitor.
Therefore two control loops are identified, one for the AC side
and one for the DC side. On the DC side, the main objective
is to maintain the DC voltage at a constant value whereas on
the AC side AC power is controlled. This can be achieved
via current or voltage control. Different control structures are
discussed in [2] [10].

In this article, a cascaded control of the DC voltage through
the AC current was chosen and modeled. In transient con-
ditions, surplus or deficit of generated power is reflected in
an increase or a decrease of the DC link voltage. Since the
grid voltage is constant, grid power is controlled by injecting
more or less current into the grid. Therefore the inner control
loop controls the grid current and consequently the grid power.
The DC link voltage control is then added as an outer control
loop. An LC filter is used in order to reduce harmonics in the
current spectrum. Conventionally, grid impedance is included
in filter models. Since its value is unknown and can vary due
to different grid conditions, special attention is given to the978-1-5386-3380-9/17/$31.00 c©2017 IEEE
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choice and design of filters for successful damping of grid
impedance influences as well as harmonics attenuation [2] [11]
[12]. In this paper, the influence of a variable grid impendance
is compensated by introducing additional set of current sensors
and corresponding control algorithm design.

The LC filter model and the grid current control loop
are synchronized with the voltage at the capacitor-side filter
terminals (rather than the grid voltage itself), which is also
a typically available configuration due to a remote location
of a grid transformer. The approach is expected to stand
out in islanding mode of renewables operation, utilization of
microgrids or rising topics of decentralized power grids, where
the grid impedance largely fluctuates with intermittent sources
and loads. Finally, we propose a three-level cascade control for
inverter part (active rectifier) of the back-to-back converter in
order to make it robust to grid impedance variations.

Following respectively from inner to outer level control we
develop:

• Converter current control loop - for LC filter current
control

• Grid current control loop - for ensuring the desired grid-
side active and reactive power

• DC-link voltage control loop - for maintaining the DC
link voltage in the presence of variable input/output
powers.

This paper is structured as follows. In Section II, a model
of the LC filter for the current control loop is derived, as well
as the inner-loop controllers. In Section III, DC link dynamics
are modeled and utilized for DC link voltage controller design.
Simulation results are given in Section IV. Section V presents
the paper conclusions.

II. CURRENT LOOP MODEL AND CONTROL

The scheme of a back-to-back configuration is shown in
Fig. 1. On the AC side of the grid-side converter, the LC filter
and grid impedances are shown. Components values are equal
in all three phases and are therefore, in order to simplify the
scheme, denoted just in one phase. Variables u and e denote
the phase voltages.

The current control loop is responsible for the control of the
PWM converter. The grid current is controlled by controlling
the output converter voltage in a typical voltage control mode.
Therefore, a transfer function that describes the dependence
between the grid current ig and the converter voltage u has to
be derived. Since the filter used in the experiments is an LC
filter, in order to simplify the equations, the corresponding
output current control loop was divided into an additional
cascade structure. The inner loop is responsible for setting the
voltage reference value by controlling the converter current
iL and the outer control loop sets the reference value for the
converter current by controlling the grid current. This way,
the filter is modeled in two stages, which makes it easier to
approach the problem and derive the model. At the same time,
it also increases the robustness of the controller to the grid
impedance variations since the model is tied to the voltage

difference ∆U = u−e instead of the grid voltage. A drawback
is that an additional set of current sensors is needed.

A. Converter current control

For the inner loop, only the inductive part of the filter is
observed and its differential equation is given by (for phase a):

L
diLa

dt
+RLfaiLa = ua − ea. (1)

The same equation is used for all three phases. By applying
phase shifts of 120◦ and 240◦ to the other two phases and
adding them up, a three phase current vector is obtained. This
vector can also be represented in the two-phase (d,q) rotating
coordinate system:

L

(
dīL,dq

dt
+ jωīL,dq

)
+RLf īL,dq = ūdq − ēdq. (2)

The inductor current īL,dq can be further written as:

īL,dq = iLd + jiLq. (3)

Both voltages ūdq and ēdq can be divided in the same way
and then put into (2). After separating the real and imaginary
part of (2) and applying the Laplace transformation, required
transfer functions are derived:

ILd = Gidd∆Ud +GidqILq, ∆Ud = Ud − Ed, (4)
ILq = Giqq∆Uq +GiqdILd, ∆Uq = Uq − Eq, (5)

Gidd =
ILd

∆Ud
=

1

sLf +RLf
, Giqq =

ILq

∆Uq
= Gidd, (6)

Gidq =
ILd

ILq
=

ωLf

sL+RLf
, Giqd =

ILq

ILd
= −Gidq. (7)

The control loop scheme is shown in Fig. 2. Dashed lines
represent decoupling voltages and currents. Functions Rdq and
Rqd are given below:

Rdq = −ωL, Rqd = ωL, (8)

and the inner open loop transfer function is:

G0,in =
IL

I∗L − IL
= GR,inGiddGdelay. (9)

The expression in (9) describes the open-loop dynamics in d
and q axes since the process transfer functions are equivalent.
All the equations that follow are applied in both axes.

The control algorithm is executed in discrete-time domain
and therefore the effect of discretization is taken into account.
Converter delay and the delay related to the effects of time dis-
cretization for controller implementation are jointly modeled
as:

Gdelay =
1

1 + s(Tds + Tsw/2)
, (10)

where Tds and Tsw are controller sample time and converter
switching period. A proportional-integral (PI) controller of



2017 19th International Conference on Electrical Drives and Power Electronics Dubrovnik, 04-06 Oct. 2017

~~ Cdc

is,dc ic,dc

+

-

udc
iL

Lf RLf

Cf

RCf

iCf

Zg

+

-

u
+

-

e

ig

GRID
MACHINE

MACHINE SIDE GRID SIDE

DC LINK

Cc

+

-

uc

Ldc Rdc

iL,dc

Fig. 1. Back-to-back converter scheme.

Fig. 2. Current control loops designed as multiple-inout multiple-output (MIMO) cascaded control.

the inner loop is designed with the usual magnitude optimum
approach. The controller and its parameters are:

GR,in = KR
sTI+1
sTI

, (11)

TI = L
RL
, KR = L

2(Tds+Tsw/2) . (12)

B. Grid current control

For the second part of the filter, after applying Kirchoff’s
currents law (see Fig. 1), the same steps are used. Expressions
(13)-(16) describe the dependance between the grid current

and the converter current:

Ig = IL − ICf = IL −
sCfE

sCfRCf + 1
, (13)

Igd = ILd −GcddEd +GcqdEq, (14)
Igq = ILq −GcqqEq +GcdqEd. (15)

The corresponding transfer functions are:

Gcdd =
Igd
Ed

=
s2C2

fRCf+sCf+ω2C2
fRCf

s2C2
fRCf+2sCfRCf+ω2C2

fR
2
Cf+1

,

Gcqd =
Igd
Eq

=
ωCf

s2C2
fRCf+2sCfRCf+ω2C2

fR
2
Cf+1

,

Gcqq =
Igq
Eq

= Gcdd,

Gcdq =
Igq
Ed

= −Gcqd.

(16)

The outer loop controller is of the PI type as well. The
closed loop dynamics of the inner loop in a cascade structure
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need to be at least two times faster than the outer loop
dynamics in order to avoid the control loop interference. The
controller parameters of the GR,out controller are chosen to
meet this requirement by using a root locus approach. Open-
loop transfer function of the outer current control loop is:

G0,out =
Ig

I∗g − Ig
= GR,outGc,in, (17)

and the transfer function is then used for controller design
in both axes. The inner and outer closed-loop step responses
are presented in Fig. 3. The time constant of this system is
2.733 ms, which is 2.2 times slower than the inner control
loop. The complete current control loop is shown in Fig. 2,
where Gcdd, Gcqq, Gcdq, Gcqd are derived in (16).

t [s]

0 0.002 0.004 0.006 0.008 0.01 0.012

A
m
p
li
tu
d
e

0

0.5

1

Converter current step response

t [s]

0 0.002 0.004 0.006 0.008 0.01 0.012

A
m
p
li
tu
d
e

0

0.5

1
Grid current step response

Time [s]: 0.0012

Amplitude: 0.6101

Time [s]: 0.002733

Amplitude: 0.6235

Fig. 3. Current control loops step responses.

III. VOLTAGE CONTROL LOOP

The DC voltage control loop is responsible for maintaning
the balance between the generated power and the power
delivered to the grid. An imbalance causes the voltage to
drop or rise. A desired steady state is achieved by increas-
ing/decreasing the amount of current injected to the grid. In
Fig. 1, the DC circuit is shown and a state-space model of the
circuit is given:

diL,dc

dt
dudc

dt
duc

dt

 =

−Rdc

Ldc

1
2Ldc

− 1
2Ldc

− 1
Cdc

0 0
1
Cc

0 0

iL,dc

udc
uc

+

+

 0 0
0 1

Cdc

− 1
Cc

0

[ic,dc
is,dc

]
.

(18)

Input signals is,dc and ic,dc represent the DC current gen-
erated by the machine-side converter and the grid converter
input DC current, respectively. Since the grid converter is
responsible for controlling grid values, the current is,dc is
viewed as a disturbance and the DC converter current is
substituted with grid power, using the following expression:

ic,dcuc = Pconv = KPgrid =⇒ ic,dc = K
Pgrid

uc
, (19)

where K is the loss factor. After the substitution, the third
equation of the model becomes nonlinear and linearization is
performed. The nonlinear equation and its linear approxima-
tion around the operating point uc0 are:

h(
duc
dt

, uc, iL,dc, Pgrid) =
duc
dt
− 1

Cc
iL,dc+

+
K

Cc

1

uc
Pgrid = 0,

(20)

d∆uc
dt
− K

Cc

Pgrid0

u2c0
∆uc+

+
K

Cc

1

uc
∆Pgrid −

1

Cc
∆iL,dc = 0.

(21)

After the linearization, an expression for a dependence
between the voltage and the inputs is derived:

∆Udc = Gp∆Pgrid +Gi∆Is,dc, (22)

Gp =
K

d3s3 + d2s2 + d1s+ d0
∆Pgrid, (23)

Gi =
n2is

2 + n1is+ n0i
d3s3 + d2s2 + d1s+ d0

∆Is,dc. (24)

As explained before, the current is,dc is viewed as a
distrubance and only the transfer function Gp is used in the
DC voltage control loop:

G0,dc =
Udc

U∗
dc − Udc

= GR,dc
Udc

I∗gd
= GR,dc

Igd
I∗gd

Pgrid

Igd

Udc

Pgrid
=

= GR,dcGc,outGpcGp.
(25)

A power to current conversion is added, Pgrid = 3
2edigd →

Gpc = 3
2ed, to tie with the current controllers.

GRdc G0out Gpc Gp+ +- -
udc* udcigd* igd Pgrid

Fig. 4. DC voltage control loop.

The open loop transfer function from (25) has an unstable
pole. In order to overcome the issue, we opt here for Truxal-
Guillemin approach for the design of GR,dc controller [13]
and aim to achieve the specific model function. Generally, the
method is considered easy to apply, but very dependent on
variations in the model. However, since we base our model on
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∆U from (4) and (5), the DC-link model is not influenced by
grid conditions and the only possible model discrepancy ocurrs
from changes of resistances, capacitances and inductances, but
mostly linearization effect from (21), which are not expected to
be significant in normal operation. The chosen model function
is given by:

Gm(s) =
α(s)

β(s)
=
α1s+ ω5

n

(s+ ωn)5
, (26)

where the parameter ωn determines the speed of the step
response. The expression for the controller is:

GR,dc =
1

Gc,outGpcGp

α

β − α

= −a4s
4 + a3s

3 + a2s
2 + a1s+ a0

b4s4 + b3s3 + b2s2 + b1s+ b0
.

(27)

The current closed loop has three poles: two complex
and one real pole. This transfer function is, for simplicity,
approximated with a first order lag system. In Fig. 5, step
response of the real transfer function is compared with two
first order transfer functions. The real pole is also the dominant
pole and the relation T = − 1

sp
, where sp denotes the chosen

pole value, is used to obtain the time constant for the step
response denoted with the dashed line. The time constant
related to the response in full line is calculated by minimizing
the error between the real and the approximated function. The
system approximation represented with the response in full
line is further chosen for controller design. The step response
of the voltage control loop is presented in Fig. 6.
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Fig. 5. Current closed loop approximation.
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Fig. 6. DC voltage control loop response with respect to udc,ref step change.

IV. SIMULATION RESULTS

Simulation results are obtained by using the co-simulation
of Matlab/Simulink environment and PLECS, a simulation
software for power electronics. The switching frequency of
the grid converter is fsw = 10 kHz and its rated power,
voltage and current are 7.5 kW, 3x380V and 16 A respectively.
The control loop was modeled in discrete time domain with
the sample time Tds = 0.4 ms. Converter and controller
parameters are given in tables I and II. The parameter ωn

in Table I determines poles of the model function (26).

TABLE I
SIMULATION PARAMETERS

Parameters Values
Lf , L2 53.1 mH
RLf 0.32 Ω
Cf 10 µF
RCf 0.06 Ω
Cdc 100 nF
Cc 500 µF
Ldc 1.135 mH
Rdc 0.15 Ω
ωn 90 rad/s

TABLE II
CONTROLLER PARAMETERS

Parameter Value
Converter current controller gain 53.1

Converter current controller time constant 0.1713 s
Grid current controller gain 0.1301

Grid current controller time constant 0.00035 s
DC voltage controller coefficient a0 3.458·106

DC voltage controller coefficient a1 2.677·105

DC voltage controller coefficient a2 701.9
DC voltage controller coefficient a3 8.18·10−5

DC voltage controller coefficient a4 1.593·10−7

DC voltage controller coefficient b0 0
DC voltage controller coefficient b1 8.455·106

DC voltage controller coefficient b2 8.719·104

DC voltage controller coefficient b3 463.4
DC voltage controller coefficient b4 1

The variable frequency source side is represented simply by
a current source. In Fig. 7, a step change of DC link voltage
reference value is shown for the case of an inductive grid.
Two cases were simulated: a weak grid (Rg=0.03 Ω) and a
stiff grid (Rg=0.003 Ω). The voltage is increased by injecting
current from the grid, which is represented by the positive
current direction in Fig. 7. The responses are similar for both
grid impedance values.

The DC voltage response with respect to the disturbance
current is shown in Fig. 8. To meet realistic conditions, a
step change of disturbance is filtered and used in simulations.
The simulations are performed for inductive and capacitive
grid impedance cases and the responses are again practically
coinciding for all values. The exact values of grid impedances
are given in Table III [2].

The phase grid currents for an inductive grid are shown in
Fig. 9. The total harmonic distortion (THD) of grid currents
is below 4 %.
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Fig. 8. Simulation results for source current change.

TABLE III
GRID IMPEDANCES

Impedance Value
Inductive weak 0.03+j0.0094 Ω
Inductive stiff 0.003+j0.0094 Ω

Capacitive weak 0.03-j0.0094 Ω
Capacitive stiff 0.003-j0.0094 Ω
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Fig. 9. Grid phase currents.

V. CONCLUSION

This paper elaborates the control of a bidirectional grid
converter robust to grid conditions. Three control loops were

developed in a cascaded structure: converter current control
loop, grid current control loop and DC voltage control loop.
Controllers for all three loops are designed. Current control
loops are synchronized with the voltage at the capacitor-side
filter terminals in order to achieve a control algorithm which
compensates variable grid impedance. A set of simulations
was performed for different grid impedance values. A weak
and a stiff inductive grid impedance was simulated as well
as a capacitive one. The simulations in all the different grid
conditions do not affect the performance and result in almost
identical responses.
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