IJSRD - International Journal for Scientific Research & Development| Vol. 8, Issue 4, 2020 | ISSN (online): 2321-0613

Review on Current Mode Controllers for Power Converters

Deepthi Unnikrishnan?! Bijily Rose Varghese?
PG Scholar ?Assistant Professor
L2Department of Electrical and Electronics Engineering
L2 MGMCET, Ernakulam, India

Abstract— This paper presents a review on current mode
controls that has been designed for multi module parallel
converter system (MPCSs).). Paralleling of the converter
modules allow equal sharing of load current between the
modules. In such a strategy the modularity of the power
system can be attained by either adding or removing the
power modules as per requirement of power level. In a
MPCS it is necessary to maintain equal share of current
between the individual converter modules, which has be
obtained via the current mode control technique. To
accomplish such objectives requires use of certain control
systems.  Average current control scheme has been
evaluated in this paper.
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I. INTRODUCTION

In high current rated power converters the line frequency
transformer and filter elements makes the complete system
bulky. Further along with power quality, availability and
reliability are supplementary essential requirements of the
power converters. The thyristor rectifiers are provided with
n-1 redundancy by parallel connection of semiconductor
devices, yet, these make use of numerous integrated
components such as transformers, filters etc. which may
lead to several failure modes. Replacement of such high
power components is equally time consuming as well as
costly [1]. Consequently, modularity of the system is a
greatly anticipated feature for high-power applications as it
simplicities the processes such as assembling, mounting,
replication, maintenance, and replacement on occurrence of
failure. Parallel operating power converter systems provide
an interesting solution to the problem of providing a tightly
regulated output voltage at high current levels. Parallel
operation of power converters permits equal distribution of
load current between the specific modules. In this way, the
stress in the semiconductor switches is reduced and the
efficiency and reliability are improved. With such solutions,
modularity of the power system can be achieved by only
adding or removing power modules depending on the
required power level. Fault tolerance can also be achieved
by paralleling extra modules. In such a modular system it is
necessary to maintain equal share of current. Thus the
parallel operating converters should employ certain control
schemes in order to share the currents between the modules.
A current mode control scheme is adopted for this purpose.
A current mode control has a faster transient response,
provides over-current protection to a circuit and are also
easier to design. Due to these advantages a current mode
control is a preferable option in power supply industries [2].
There are many sorts of current-mode-control available like
average, peak, valley current-mode control in which, the
sensed current is converted into voltage to compare it to a

reference voltage and let the controller decide the required
compensation.

The general type of current mode control actually
senses and controls peak inductor current which is referred
to as peak current mode control. A peak current mode
control is shown in Fig.1. It is a meek as well as robust
technique to control a DC-DC power converter. The main
problem encountered with this type of a current control is
that, since it uses the peak value of the inductor current any
harmonics in the system can cause false triggering by the
controller. This gives rise to several drawbacks such as
deprived noise immunity, requirement for slope
compensation and peak to average current errors which the
intrinsically low current loop cannot correct. Average
current mode control removes the mentioned drawbacks and
can be used efficiently to control inductor current in a much
wider range of topological application.

* *

Fig. 1: Peak Current Mode Control

An average current mode controller shown in Fig. 1
senses and averages out any surge in the sensed current and
making it a better option, when trying to control a circuit
with power factor correction. Since current spikes are
common for such circuits. In average current mode control
the sensed signal is first averaged out. Therefore, filtering
any harmonics that could have been present in the inductor
current. Also, average current mode control offers a higher
low frequency gain thus, helps in tracking the current profile
with high accuracy. An average current mode controller’s
gain compensation can be decided and designed depending
on the controller requirements.

Fig. 2: Average Current Mode Control
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Il. MODULAR ARCHITECTURE AND PARALLEL OPERATION
OF CONVERTERS

Parallel operation of power converter systems provide a
remarkable key to the problem of providing tightly regulated
output at high current levels. An anticipated characteristic of
a parallel power converter is its capability to share the load
current equally and steadily. In this way, there is reduction
of stress in the semiconductor switches and thus improves
its efficiency and reliability. [3]. Parallel power modules are
usually not alike due to fixed tolerances in their power
stages and control parameters. In the absence of special
provisions to ensure equal sharing of the load currents
among parallel supplies, then there is a possibility that any
of the multiple modules might deliver an excessive load
current resulting in greater thermal stresses on specific
modules and a considerable drop in the system’s reliability.
Thus the parallel operating converters should employ certain
control schemes in order to share the currents between the
modules. There are enumerable methods that have been
developed for paralleling power converters [4]. The various
converter paralleling schemes are depicted in Fig. 3.

On the basis of the required droop features, the
droop methods can be characterized into five different kinds
of conducting schemes. In case of active current sharing
approaches, actually, the conducting scheme comprises of a
precise control mode and a current-sharing error signal
processing technique. As of the belvedere of current sharing
control approach there are three distinct control modes, viz.,
inner loop regulation, outer loop regulation and peripheral
controller modes. In this project an average current sharing
control is employed between the various power converter
modules to achieve equal current sharing.
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Fig. 3: Different types of converter paralleling schemes

A. Droop Methods:

In droop method as the load current increases the output
voltage droops. This type of control strategy is achieved by
programming the output impedance to achieve equal current
sharing among converters. This family of schemes requires
no wire interconnections between the control circuits of
parallel converters and thus it is essentially an open loop
method that can independently program the output
impedance of individual power supply. There are five
common type of droop features normally used such as

inherent droop feature converters, voltage droop due to
series resistor, voltage droop via output current feedback,
current mode with low DC gain and programming control
via nonlinear gain. In spite of its ease in implementation and
paralleling the scheme suffers a number of drawbacks such
as degradation in load regulation in order to achieve droop
characteristics and poor current-sharing due to open loop in
parallel system. Furthermore, each module has to be
separately controlled to attain good current sharing. Thus in
parallel modules with different power ratings current sharing
is quite difficult.

B. Average Current Methods:

An active current sharing comprises of a combination of a
precise control mode and an error sharing signal-processing
scheme. On the basis of operating mechanism of current-
sharing there are three basic control modes for balancing
current sharing of converters in parallel. They are inner loop
regulation (ILR), outer loop regulation (OLP) and external
controller mode (ECM).

In the inner regulation control mode the reference
voltage as well as the voltage feedback are common. In peak
current mode control and average current mode control, the
current sharing can be realized by giving identical reference
for the internal current control loop of individual module. A
typical structure of this scheme is shown in Fig. 4 where
G(s) is the transfer function of the voltage compensator.
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Fig. 5: Outer regulation mode
The outer regulation control scheme make use of
current sharing error signal in order to regulate the voltage
reference of the outer voltage loop till the accomplishment
of equal load current distribution[4]. The notion of this type
of control mode is represented in Fig. 5. The vital
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characteristics of this method are voltage reference, output
feedback voltage, and that the voltage compensator of
individual ~ converter ~ modules are  independent,
correspondingly.

Another alternate control method is the external
control mode which is accomplished by comparing load
sharing signals of distinct power modules and altering the
corresponding feedback control signal in order to poise the
load currents. An external control mode is shown in Fig. 6.

C. Master Slave Current Methods:

Approaches of current-sharing error signals via master slave
notion fall into three methods i.e. dedicated master,
automatic master and rotating master on the basis of method
of producing the master module. The operating principle of
master slave current methods is similar to the average
current mode control excluding the fact that the reference
current signal is merely a signal proportionate to the master
module output current. In order to achieve equal load
sharing it is possible to incorporate it outside the power
module. Likewise, it is suitable to adjust the paralleled
system without sharing its abilities via this technique, thus,
letting the paralleling of more power converters without any
supplementary control or hardware adaptation, and hence
making system maintenance more convenient.
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Fig. 6: External control mode

I1l. CURRENT SHARING CONTROL

Modularity of power converters can be attained by either
adding or removing the power modules as per requirement
of power levels. In such a modular system it is necessary to
maintain equal share of current. Thus the parallel operating
converters should employ certain control schemes in order
to share the currents between the modules. Two main
control schemes can be applied for the closed loop control
design of DC-DC converter namely current mode control
and voltage mode control. A current mode control scheme is
adopted for this purpose.
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Fig. 7: Current mode controller

A current-mode controller first senses a current
signal and converts it into equivalent voltage by making
use of a sense resistance [5]. This sensed current is
compared with the reference voltage applied to the
controller to acquire an error signal. Depending on the
magnitude of the obtained error signal, the current-mode
controller provides the requisite compensation to control the
sensed inductor current. A current-mode controller provides
a higher order of control compared to voltage-mode control.
In many events a current-mode controller is usually
integrated along with a voltage-mode controller. A general
representation of such a control scheme is as shown in Fig.
7, which represents an inner current control loop and an
outer voltage control loop. The inner loop helps control the
current signal depending on the reference voltage that has
been provided by the control signal of the outer voltage
loop. The outer voltage control loop controls the voltage
signal depending on the reference voltage that has been
provided to the voltage controller. Depending on the
property of the current signal that the controller tries to
manipulate, there are different types of current-mode
controllers like, a peak current-mode controller, valley
current-mode controller or an average current-mode
controller. Peak current-mode controllers are robust and
most common type of controller used for controlling a
current signal for a power electronic converter but has a few
drawbacks like, false triggering due to harmonics in the
system and no control over controller gain. A first order,
type one average current-mode controller is introduced as its
replacement.

A peak current mode control is a simple yet robust
way to control a DC-DC power electronic converter. The
main problem encountered with this type of a current control
is that, since it uses the peak value of the inductor current
any harmonics in the system can cause false triggering by
the controller. We have adopted average current mode
control in this project since it eliminates the problems
associated with the peak mode current controller and can be
used efficiently to control inductor current in a much wider
range of topological application..

IV. STATE SPACE AVERAGING APPLIED TO DC-DC
CONVERTER

In order to design a suitable feedback controller, it is
essential to define the model of the system. As there are two
intervals per switching cycle. The switching period is the
sum of ON time and OFF time intervals i.e. T=Ton+Togk-
The duty cycle D is the ratio of the Tgy interval to the

switch period, D = TTﬂ . The output voltage can be

OFF
calculated in terms of duty cycle during its operation under
steady state condition. The framework for system modelling
can be achieved in three consecutive steps. Firstly the
dynamic states of the system are defined. Then the system is
simplified and linearized around the equilibrium point.
Finally the transfer function for the linearized system is
obtained. Various methodologies have been employed in
modelling of DC-DC converters. The most commonly used
technique out of these is the state- space averaging. It is
used to obtain the linear time invariant model of the power
converter system. In this method, the converter waveforms,
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i.e. inductor current and capacitor voltage, over a single
switching period is averaged to yield the corresponding state
space model. Such that it is possible to remove the switching
ripples in the inductor current and capacitor voltage
waveforms [6].

In linearization of the power stage using state-
space averaging, the goal is to find the small signal transfer

function % around steady state DC operating values V, and

d in continuous conduction mode. Where i, and d are
inductor current and duty ratios respectively. The state space
averaging is done as sequence of steps as following [7].
1) STEPI
We have to obtain the state-variable description for
each circuit state where 1y, and r¢ are the parasite element.
The state variables considered are the inductor current and
capacitor voltage.
x=A;x+ B;x during ON time dTg (1)
xX=A,x+ B,x during (1-d) Tg (2)
A; and A, are state matrices and B; and B, are vectors.
Output voltage V, can be described as
V, = C;x during time dTg 3)
V,, = C,x during time (1-d) Tg (4)
2) STEP I
In the Next step averaging of the obtained state space
equations is done for both modes of operation.
The resulting equations is
x=[A1d+ Ay(1=d)]x+ [B1d+ B, (1=d)]Vin (5)
Vo =[C1d+ C; (1-d)]x (6)

3) STEP Il
Small AC perturbation and separations are introduced into
AC and DC component.

x=X+ ¥ @)
Vo =V, 0, (8)
d=D+ d 9)

In general v;,,= V;,,+v', Using above equations and
making x=0 at steady state,

X=Ax+BV;, +AxX + [(A;— Ay)x+(B1— B,) Vy, 1d + Term
combining products of X and d. These terms can be
eliminated.

Where,

For forming the steady state equation all
perturbation terms and their time derivation are equated to
zero i.e.

Ax+ BV, =0 (10)

Therefore,
x¥=[(A1— A2)*(B1— By) Vin 1d (11)
And,
Vo+Vo=Cx+ CxX+ [(C,— C,) |d (12)
Where,
c=c¢,D+¢C,(1-D) (13)
Now for steady state,
Vo=Cx (14)
Vo= Cx+ [(C1— Cy) 1d (15)
We have
Yo — _cA-1B (16)
Vin

4) STEP IV
The transfer function in time domain is transformed into S
domain. After conversion into S-domain, we have

Sx(s)=AX(s)+ [(Ay~ Ap)x+(By- By)Vinldls) )
Or
Hs)=(s1-A)-1 [(A;- A)x+(By- Bp)Vinld(s) OO
Now using the Laplace transform of
Vo= Cx+ [(C1—C7) ]d (19)
We have
Vo= [(SI — A)~" [(Ay— Az)x+(B1— B3)Vin]] +
[(C1— C3)x 1d(s) (20)
T =C(SI = )7 (A AxHB- By Vin 1+ (21)

(C1_ Cz)

V. RESULTS EVALUATION AND DISCUSSION

The designed controllers along with the buck DC-DC
converter can be connected in P spice and simulated for
their frequency responses. P Spice is an all-purpose, open
source electronic circuit simulator used for modelling and
simulating number of physical systems. It provides a user
friendly platform, which offers full-system prototyping.
Many virtual power electronic circuits can be connected and
their dynamic responses can be obtained in this interface.
The open loop frequency response of the system has been
simulated in the P Spice software for the parameters of the
prototype power supply for various transfer functions
individually.

Open-loop  control-to-output  voltage transfer
function response for buck converter with R load was
obtained as shown in Fig. 8.

Wy

By 229627°

e

Fig. 8: Open loop response for R load
From the response the phase margin obtained was
PM=180° + @,.= 83.7°.0pen-loop control-to-inductor
current transfer function response for buck converter with R
load was obtained as shown in Fig. 9.
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Fig. 9: Open-loop control-to-inductor current transfer
function response for R load
From the response the phase margin obtained was
PM=180° + @,.= 90.25° After addition of the damping
circuit the open-loop control-to-inductor current transfer
function response for buck converter with R load was
obtained as shown in Fig. 10.
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Fig. 10: Open-loop control-to-inductor current transfer
function response for RL load

From the response the phase margin obtained was
PM=180° + @4.= 104.14°. From all the obtained frequency
responses it can be inferred that bandwidth of loop is quite
low, it has low DC gain and high Phase margin (slows the
system response). Thus designed compensator is aimed to
improve response, to increase dc gain and to obtain desired
PM. Desired PM is in the range 0f 45-60 to enhance system
response.
Voltage Loop Response: The equations for gain margin
and phase margin is given by

1
PM = 180° + £(G(jwgc)Hy (jwgc) (23)

Where wg.andwycare gain and crossover frequency
respectively. H,is the feedback element which is an
attenuation such that Hv(jm):%

A Pl compensator can be used to improve the
system response, but in order to ensure that the system will
not amplify any high frequency noise, an extra pole is added
to the compensator. In such a case we can implement a type
2 compensator which is obtained by

k(1 +-)
Gvc(s) = —Z) (24)

s(1+i

®p

By addition of the derived compensator in equation

with the system. The closed loop response of the system
with voltage compensator is shown in Fig 11

Wy

9,0 = —123.74

LC

Fig. 11: Closed loop response of the system with voltage
compensator

The Fig 11 describes the response of the prototype
system with compensator coefficients of the compensator.
From the response it is observed that the system response
has been improved to desired setting i.e. PM=180° +
@gc =56.3° phase margin. The DC gain has also been
enhanced.

Current Loop Response: From the open loop
control to inductor current transfer function response for
resistive load it is inferred that the bandwidth of loop is
quite low, it has low DC gain and large phase margin. Thus
a compensator is needed to improve response, to increase dc
gain and to obtain desired PM and GM .By the method of
pole zero cancellation the transfer function of the desired
compensator was obtained as following

S
k(1 + m—z)
(L s\ (25)
S (1 + —)

®p

Such a compensator can be implemented by a type
2 compensator. The closed loop response of the system with
current compensator is shown in Fig. 12

Gicr(s) =

Woe

0o = =129°

Fig. 12: Ciosed loop response of the system with current
loop compensator for R load
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The Fig 12 describes the response of the prototype
system with compensator coefficients of the compensator.
From the response it is observed that the DC gain has also
been enhanced and the system response has been improved
to desired setting i.e. PM=180° + @4, =51.1.

Now suppose the load to be supplied be an
electromagnet which is inductive in nature and hence needs
a regulated current supply. Which can be achieved by
incorporating an average current mode control. The Fig 3.10
in the previous chapter shows the open loop unregulated
control to inductor current transfer function response for an
inductive or RL load. It can inferred from the bode plot
obtained that the bandwidth of the system is very low and
the phase margin is too high making the system response
sluggish. Hence the design of our current loop compensator
plays a key role in stabilizing the system.

The designed compensator thus needs to get the
desired bandwidth and also desired phase and gain margins.
The compensator can be designed by pole zero cancellation.
Firstly, the unregulated response of the system is simplified
to its asymptotes and the desired compensator response is
obtained by pole zero cancellation
To meet the required parameters transfer function of the
desired compensator was obtained as

S
k(1 + w—m)(l +

S

mzz)
S S
s(1+ wm) 1+
The compensator described in equation with three
poles and two zeroes, which is used to provide a large gain
to low frequencies and also boost up band width. The
current loop compensator in equation 5.3 is added to the

system with inductive load. The closed loop response of this
system with current loop compensator is shown in Fig 13.

Gicri(s) = (26)

By = 1283

Fig. 13: Closed loop response of the system with current
loop compensator for RL load
The Fig 13 describes the response of the prototype
system with compensator coefficients of the compensator.
From the response it is observed that the DC gain has also
been enhanced and the system response has been improved
to desired setting i.e. PM=180° + @, =51.7°.

VI. CONCLUSION

Stringent demands are to be fulfilled while designing power
converters for various special type of electrical machinery,
say, particle accelerators, which require high stability

(typically 50 —1000 ppm), high efficiency, wide setting
range of output current accuracy and electromagnetic
compatibility. Because of its high conversion efficiency and
performance the switched-mode DC-DC converters are most
widely used power electronic converter topology.
Modularity of the power converter is a highly anticipated
feature in high-power applications. It imparts ease in
assembling, mounting, replication, maintenance, and
replacement of modules on occurrence of a failure. In such a
modular system it is necessary to maintain equal share of
current. Thus the parallel operating converters should
employ certain control schemes in order to share the
currents between the modules. In this paper an average
current mode controller has been implemented and
evaluated in P Spice.
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