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A General Approach to Programmable and
Reconfigurable Emulation of Power Impedances

Sinan Li
S. Y. Hui

Abstract—Starting with a brief review on the existing methods
of impedance emulation, this paper addresses a general and sys-
tematic approach to programmable and reconfigurable emulation
of power impedances. The proposed approach not only enables the
impedance value to be programed, but also allows the characteris-
tics (i.e., type) of the impedance to be reconfigured instantly during
the operation. Based on the proposed control method, emulation of
at least six types of emulated power impedances (EPI) can be easily
attained. In particular, it is theoretically and practically demon-
strated that the impedance characteristic can be emulated through
a combination of different functions. The systematic derivation of
these functions is explained. New techniques that compensate the
circuit power losses are introduced. This general approach has
been practically verified in several EPI. Both steady-state and dy-
namic performance of these EPI confirm the programmability and
reconfigurability. It is envisaged that the proposed method can be
applied to a range of functions, such as power filtering, energy
storage, and even power conversion based on direct impedance
control.

Index Terms—Hardware-in-the-loop, impedance emulation,
programmable impedance, static var compensator.

1. INTRODUCTION

N EMULATED power impedance (EPI) is a two-terminal

power-electronic device that can actively mimic the exact
voltage—current characteristic of a physical passive component
(see Fig. 1). The basic principle of an EPI is to control the power
electronics such that its terminal current iy and terminal voltage
vy satisfy

(D

where Z, (s) is the transfer function that defines the character-
istic impedance in the s domain.
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Fig. 1. EPI Z, (s) based on power electronics.

The concept of EPI is not new. The earliest attempt to use
an EPI can be traced back to the input current shaper for ac-
tive power factor correction applications in the early 1900’s,
where the power converter turns its associated load into an
emulated resistor [1]. Over the past years, the concept of EPI
is quickly evolving and has been widely employed for many
power electronics and power system applications. One immedi-
ate application is to directly replace physical power impedances,
because an EPI built from advanced semiconductors and con-
trol techniques can be made more compact, lightweight [2]-[4],
(possibly) more reliable [5], [6], and being capable of varying
its impedance value [4], [7]-[9]. For instance, an emulated in-
ductor has been reported as a direct replacement of the heavy
dc-link inductor for adjustable speed drive applications [4] and a
variable line impedance emulator for hardware-in-the-loop ap-
plications [7]. An emulated capacitor has been used to replace
the unreliable dc-link capacitors [2] and to stabilize the dis-
tributed dc power supply system [8]. Another major application
of EPI is to provide power flow control and ancillary services,
such as active power filtering and var compensation for power
system applications [9]-[11]. It has been demonstrated that the
control structure of an EPI can be simpler than that of the ex-
isting control methods. Presently, an EPI can only be designed
to perform a single task because it can only emulate a fixed
type of impedance at a time. As a result, the potential of EPI
is somehow constrained. One example is the use of EPI as a
static var compensator (SVC). Reported EPI can only generate
capacitive or inductive reactive power, because of its inability
to interchange between a capacitive and an inductive mode of
operation. In this case, a programmable EPI (of which not only
the value of its impedance, but also its type can be easily re-
configured) will be highly desirable for achieving a true SVC,
through which both types of reactive power can be generated.
A programmable EPI may also be useful as a multifunctional
equipment, of which the functions can be conveniently defined
by users according to the required tasks. Although it has been
predicted in theory that any EPI can be synthesized based on
(1) [12], the issues and solutions toward achieving a practical
programmable EPI have not been reported in the prior works.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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In this paper, the programmable and reconfigurable aspects
of a general EPI are systematically examined and explored. The
objective is to identify and resolve the technical issues toward
a general and reconfigurable impedance emulation method.
According to [12], the emulation of general impedance requires
a minimum of two power converters (one for programming the
input voltage and current relationship, and the other for balanc-
ing the active and reactive power). For illustration purposes,
only a programmable and reconfigurable power reactance is
constructed to prove the concept. Since no real power genera-
tion is needed (theoretically), only one power converter can be
employed if the output termination is chosen appropriately to
facilitate the power balance. This makes the characterization
(e.g., the control method, the bandwidth) of an EPI easier. In
Section II, the existing EPI technologies for emulating various
power reactances are briefly reviewed and the issues toward
achieving a programmable EPI are described. In Section III, a
direct reference generation method that is critical in accomplish-
ing the goal of a programmable EPI is presented. In Section IV,
several critical design considerations regarding the hardware
design, the control, and their effects on the actual EPI perfor-
mance are explained. Finally, a dynamically programmable and
reconfigurable (multifunctional) EPI is used to demonstrate the
general principle of this systematic approach in Section V.

II. REVIEW OF EMULATED POWER REACTANCES
A. Types of Emulated Power Reactances

If emulated resistance is not considered, a programmable

reactance can be classified into three categories:

1) Linear inductor/capacitor: A linear inductor/capacitor
has a positive and frequency-independent induc-
tance/capacitance value (represented as curve (J) in
Fig. 2). Physical inductors/capacitors belong to this
category. An emulated linear inductor/capacitor is useful
for replacing its physical counterparts in applications,
where size, weight, and sometimes reliability are of major
concern. Both dc and ac versions of emulated linear induc-
tor/capacitor have been reported [4], [7], [8], [12], [13].

2) Negative inductor/capacitor: Like a linear inductor/ ca-

pacitor, a negative inductor/capacitor also has a frequency
independent inductance/capacitance profile except that its
value is negative (represented as curve @)in Fig. 2). These
types of impedance do not exist physically. Previously, a
negative inductor has been emulated [14], but no similar
work has been reported for the negative capacitor. Appli-
cations of a negative inductor include the cancellation of
the voltage drop attributed to line inductance along the
transmission line.

Frequency-dependent inductor/capacitor: As illustrated
in curve @)in Fig. 2, typical frequency-dependent induc-
tor/capacitor usually has inductance/capacitance values
around some selective bandpass frequencies (such as w, 1,
wy2). This type of EPI can be used in the forms of an
SVC, an active filter, and many other types of FACTS
devices through which compensating power at selective

3)
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Fig. 2. Illustration of (a) a linear capacitor, a negative capacitor, a frequency-
dependent capacitor, and (b) a linear inductor, a negative inductor, a frequency-
dependent inductor in the frequency domain.
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Fig. 3. Control diagram of an EPI based on (a-1) voltage-controlled current
source method and (b-1) current-controlled voltage source method, together
with their equivalent electrical models (a-2) and (b-2), respectively.

frequencies (e.g., the fundamental and/or its higher har-
monic frequencies) are generated [9]-[11].

B. Issues of the Existing Control Methods for Achieving
Programmable EPIs

Fig. 3(a) and (b) shows the control block diagrams of the ex-
isting EPIs under current-control and voltage-control schemes,
respectively. Current control involves the control of the ter-
minal current i; based on the measured terminal voltage vy
[see Fig. 3(a)] to follow a reference signal 7. Voltage control
requires a voltage reference of v} and the regulation of the
terminal voltage v; based on the measured iy [see Fig. 3(b)].
Essentially, an EPI based on these methods becomes a (termi-
nal) current-controlled voltage source (CCVS) [see Fig. 3(a-2)]
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TABLE I
IMPEDANCE CONTROL FUNCTION F FOR EMULATING VARIOUS POWER
REACTANCES

Impedance Control Function

Control method | Voltage controlled | Current controlled

EPI Type current source voltage source
Linear capacitor (C,) SC(s) 1/[sCe(s)]
Linear inductor (L.) 1/[sL(s)] SL(s)
Negative capacitor (-C.) -sC.(s) -1/[sCu(s)]

Negative inductor (-L.) -1/[sLe(s)] -SL(s)

Frequency-dependent capacitor

Achieved in dq rotating frame
Frequency-dependent inductor

or a (terminal) voltage-controlled current source (VCCS) [see
Fig. 3(b-2)]. In both methods, the reference signals are gener-
ated through an impedance control function F. If the desired
impedance to be emulated has an s-domain transfer function of
Z.(s), then F should satisfy

F(s)=1/Z.(s) (2)
for VCCS method, and
F(s)=Z.(s) 3)

for CCVS method, where F(s) is the s-domain expression of F.
The F(s) in (2) and (3) for four different types of impedances
are summarized in Table I. For frequency-dependent induc-
tor/capacitors, however, they cannot be expressed in terms of
Z.(s) due to its frequency-dependent profile. Conventionally, F
is realized by manipulating the phasor of i; or vy in a rotating
dq frame [7], [9]-[11].

From Table I, the issues of the existing control methods to-
ward achieving a programmable emulated power reactance can
be identified as follows:

1) The impedance control function for many emulated power
reactance contains a differentiator or an integrator. The use
of a differentiator could lead to noise issues in the control
circuit [6], [8], while the use of an integrator could intro-
duce undesirable dc-offset into the reference signal which
must be properly compensated [4], [7], [13], [14]. The
presence of differentiator or integrator makes the prac-
tical EPI implementation cumbersome and the resulting
dynamic performance poor. This explains why most ex-
isting EPI are designed with a fixed impedance value and
are applied under a single operating condition.

2) Each type of EPI requires a distinctive impedance con-
trol function for reference generation. It is therefore not
straightforward to change the impedance type of an EPL
At present, no EPI that can emulate several types of
impedances has been reported.

The abovementioned analysis indicate that, in order to achieve

true programmability, a simple EPI control method which (i)
does not involve differentiators or integrators, and (ii) can be

i i
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|
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Fig. 4. Direct reference generation technique for emulating power impedance

based on (a) current-control current source method, and (b) voltage-control
voltage source method.

easily configured to emulate different types of EPI will be re-
quired.

III. PROPOSED SOLUTION BASED ON DIRECT REFERENCE
GENERATION

A. Basic Principles of Direct Reference Generation

A generalized approach to emulating power impedance is
described in this section for the current- and voltage-control
schemes. Fig. 4(a) shows one proposed approach to control-
ling the EPI by direct reference generation. Different from the
methods described in Fig. 3(a), the method here does not re-
quire a differentiator or integrator. Instead, it involves only a
voltage sensing network, i.e., the parallel impedance X(s) and a
simple impedance control function G(s) to generate the current
reference signal. In particular,

ix;ef (S) = ims (S) G (S) (4)

where i,(s) is the current of the sensing impedance X(s) and
iz rer () is the reference of the input current of the power con-
verter i, (s).

If a perfect current controller is assumed, i.e., i, rof($) =
ix(s), then

iy (8) = tys (8) +ip = [G(s) + 1] iy (5). 5)

As a result, the impedance Z, (s) which the system emulates
(including the effect of X(s)) is

IO vy (s) _ X
2O T e e amer @

Inits simplest form with G(s) = K (Kis a positive constant),
(6) becomes

1
—- (N

Ze (8) = (K+ 1) 2153

According to (7), the reciprocal (or the admittance) of Z, (s)
is an amplified version (K + 1 times amplification) of the
admittance of X(s). If a small capacitor C, is used as the
sensing impedance, i.e., X(s) = 1/(sC,), then the emulated
impedance is simply

1 1 1
Z, = = - 8
O =Feoy " sikana] so. ®
in which the equivalent capacitor C. has a capacitance value
of (K + 1)C,. In this way, a linear capacitor can be emulated
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without taking a differentiation or integration. By adjusting the
parameter K, one is able to change the capacitance value conve-
niently.

Based on the duality principle, another form of the impedance
emulation method can be derived as shown in Fig. 4(b), in which
a series current sensing impedance Y(s) is employed to gener-
ate the voltage reference vy ,.¢(s). Assuming perfect voltage
control, i.e., vy ref (5) = vy (s), Zc(s) becomes

Zo(s)= 2 g+ 128 e £y (s)
iy (s) if (s)
C))
If G(s) = K, then
Z,(s)= (K +1)Y (s). (10)

Equation (10) means that Z, (s) is a “K + 1” amplified ver-
sion of Y(s). It implies that a small inductor L, can be used
as a sensing impedance to emulate a large linear inductor L,
with inductance value of (K + 1)L,. Again, no differentiation
or integration is needed in this method.

Essentially, an EPI based on the abovementioned methods be-
comes a current-controlled current source (CCCS) in Fig. 4(a),
or a voltage-controlled voltage source (VCVS) in Fig. 4(b). The
proposed control strategy enables a direct generation of the ref-
erence signal without the need for phase conversion which is
originally achieved through an integrator/differentiator. Thus,
the delay in reference signal generation is minimal. This will
significantly improve the dynamic accuracy of the impedance
emulation [7].

B. Towards a Programmable EPI

A fully programmable and reconfigurable EPI should allow
not only the value, but also the type of the EPI to be changed.
According to (6) and (9), the type of EPI can be controlled by
changing G(s). For (6), if X(s) = 1/(sC,), and

1) G(s) = ky, then Z.(s) = 1/[s(k, +1) Ak

2) G(s) = —hy. then Z.(5) = 1/[s(1 b, )C,):

3) G(S) ﬁ,thenZ@( ): [qur(leJrl)w(wrw ] 5
50 52—w¢ stwr

4) G(s) = szlgpiué;;wf’ then Z,(s) = c [s2+(1}kr>ws+w;‘)~]'

s24wes+w?

In these four cases, G(s) is a proportional (P) function,r aneg-
ative proportional function (—P), a second-order resonant (R)
function, and a negative second-order resonant (—R) function,
respectively. It can be concluded that:

1) If G(s) is a P function, then Z.(s) is a linear capacitor

with capacitance value of (k, + 1)C,,, as given previously
in (8);

2) If G(s) is a —P function, then Z,(s) is a negative ca-
pacitor with capacitance value of (1 — k,)C, (assume
that k, > 1).If k, > 1, then the negative capacitor here
possesses almost the same impedance magnitude as the
linear capacitor in (i), except that the phase is shifted by
180°.

3) If G(s) is an R function, then Z. (s) is a quasi-frequency-
dependent capacitor, because it has a capacitance of
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Fig. 5. Frequency responses of the EPI Z, (s) (in the form of admittance),

given the impedance control function G(s) configured as a P function, a —P
function, a second-order R function (with a pair of resonant poles at w, ), and a
second-order —R function (with a pair of resonant poles at w. ).

(kr + 1)C, at frequency w;, since
1
JjwrCy (kr + 1)

and a capacitance of C, at low frequencies (when s < 1) or at
high frequencies (s — 00), Z, (s) since

Ze (s)| an

s=jw,

1
sC, "

If C, is sufficiently small such that Z, (s) is almost like an
open circuit at the low-frequency range and the passing band
of the R function defined by w, is narrow, then the quasi-
frequency-dependent capacitor can be used to approximate an
ideal frequency-dependent capacitor.

1) If G(s) is an —R function, then Z.(s) is a quasi-
frequency-dependent inductor with an effective induc-
tance of 1/(w?C,(k, — 1)) at frequency w,. At low fre-
quencies (when s < 1) or at high frequencies (s — o),
Z.(s) is equivalent to a capacitor with a capacitance value
of C,. Analogous to (iii), a quasi-frequency-dependent
inductor can be used to approximate an ideal frequency-
dependent inductor, provided that C, is sufficiently small
and the passing band of the —R function is narrow.

The frequency responses of Z. (in the form of admit-
tance) based on C, = 10uF, k, = 100, k. = 100, w, =
628 rad/sec, and w. = 0.628 rad/sec, when G(s) is configured
as a P, —P, R and —R function are calculated and shown in
Fig. 5. With a P and —P impedance control function, Z, (s) is
emulating a linear capacitor of 1010 uF and a negative capaci-
tor of —990 uF, respectively. When G(s) is an R function, Z, (s)

Z«( )|5<<1 = Ze( )|sﬂoo = (12)
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is a quasi-frequency-dependent capacitor, since the frequency
responses of Z, (s) overlaps with the C, = 10 uF admittance
line for all frequencies except at w,, = 628 rad/sec, when it in-
tersects with the 1010-uF admittance line. Finally, when G(s)
is an —R function, Z, (s) is a quasi-frequency-dependent induc-
tor with an inductance of 2.56 mH at w, = 628 rad/sec and a
capacitance of C, = 10 uF at other frequencies. The frequency-
dependent impedance profile together with its almost zero ad-
mittance of at the low-frequency ranges (and thus nearly null
responses at these frequencies) offers the feasibility of using
a quasi-frequency-dependent capacitor/inductor to approximate
an ideal frequency-dependent capacitor/inductor.

By configuring G(s) as a P, —P, R, or —R function, the EPI
can be flexibly changed between a linear capacitor, a neg-
ative capacitor, a quasi-frequency-dependent capacitor, or a
quasi-frequency-dependent inductor based on CCCS method
(see Fig. 6). Note that G(s) can also be configured to emulate a
linear inductor and a negative inductor. This will require G(s)
to incorporate two integrators which are undesirable. Alterna-
tively, if the VCVS method shown in Fig. 4(b) is employed, then
based on (9) and assuming Y (s) = sL,, Z.(s) can be easily
configured as a linear inductor, a negative inductor, a quasi-
frequency-dependent inductor, or a quasi-frequency-dependent
capacitor by configuring G(s) as a P, —P, R, or —R function,
respectively (see Fig. 6).

It should be noted that each emulation method given in Fig. 4
can emulate four types of EPI. If all the six types of EPI are
needed, a combined system augmented with both series and par-
allel sensing impedances can be employed (as shown in Fig. 7).
A complete emulation of the six types of EPI can be achieved
by switching between the CCCS and VCVS mode of operation.
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Fig. 8. Frequency responses of the EPI Z. (s) (in the form of admittance),
when the impedance control function G(s) contains one P term and two second-
order R terms (with two pairs of resonant poles atw,; = 628 and w, 2 = 6280).

C. Further Extensions of Programmability and
Reconfigurability

G(s) may be further configured as a combination of the four
functions (P, —P, R, and -R), e.g., P+ R, P— R, —P+ R,
—P + R, etc. For instance, if G(s) =k, + sszliffm +

krow.s
s2+w(.,s+w72_2 ’

then based on CCCS method and assuming X (s) = 1/(sC,),
the frequency response of Z, (s) can be illustrated as shown in
Fig. 8.

Due to the P term in G(s), Z.(s) behaves like a linear ca-
pacitor with a capacitance value of (k, + 1)C, (i.e., 1010 uF)
for all frequencies. The two R terms, on the other hand, pro-
vide an additional capacitance gain at the frequencies of w;
and w,2. The equivalent capacitance is, therefore, increased to
(ky + k1 +1)C, (i.e., 3010 uF) at w,q, and (k, + k2 + 1)C,
at wyo (i.e., 6010 pF). The inclusion of multiple R functions
may be useful for filtering out high order harmonics in power
system applications as an active filter.

which contains one P function and two R functions,

IV. DESIGN CONSIDERATIONS
A. Hardware Design Considerations

Fig. 9(a-1) and (b-1) illustrate how to use a full-bridge con-
verter to setup an EPI based on the proposed CCCS and VCVS
method, respectively. To provide the energy storage required,
a capacitor C, is connected to the dc-link of the full-bridge
converter. Like any typical power electronic converter designs,
the cost, the size, and the efficiency of the system must be opti-
mized. In the case of designing an EPI, there are two additional
considerations:
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Fig. 9. Practical hardware and control implementation of an emulated power
reactance based on (a-1) CCCS and (b-1) VCVS method. Their electrical equiv-
alents are shown in (a-2) and (b-2).

1) The energy storage capability of C, should match the ac-
tual application requirement instead of the energy storage
capability of the EPI which the system is emulating.

In most ac applications, the energy storage capability of C,,
should be the same as that of the power reactance which the
system is emulating. For instance, if an ac capacitor with a
capacitance of C's ¢ is emulated, which is applied in shunt with
an ac grid, then C,, should be designed such that

Cac V7 pear = Co V! (13)

where V; ek is the peak terminal voltage of Cac which is
equal to the ac-voltage amplitude, and V, is the dc-link voltage
of the full-bridge converter.

In dc applications, however, the required energy storage in
C, can be much smaller. This is because a dc power reactance
typically stores a large portion of the redundant energy. One
example is the dc-link capacitor Cye i widely employed in
single-phase PFC applications for reducing the double-line fre-
quency voltage ripples [15]. It can be calculated that, with a
1% voltage ripple on the dc-link of the PFC, only 1.99% of
the total energy stored in the Clc_jink is useful for compensating
the double-line frequency voltage variations, while the rest of
stored energy is redundant [16]. In such applications, if an EPI
is used to emulate and replace the dc-link capacitor Cyc_jink, the
minimum C,, should satisfy

c, V2,

o, (0<me<1) (14

5
nE Cac - 1inkV peak =

where np is energy utilization rate (which is the ratio of the
useful energy to the total energy stored in Cgciink), V7 _peak
is the peak dc-link voltage applied to Cgc k. Some design
examples for selecting C, in PFC applications can be found
in [15], [16].
2) The sensing impedance should have a negligible effect
on the proper operation of the system. The incorporation
of a sensing impedance, such as C or L, increases the
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order of the full-bridge converter. For applications in the
low-frequency range (e.g., from dc up to several hundred
Hertz), if C; or Ly are sufficiently small, its effect on the
overall system will be negligible. As a result, the system
can still be controlled as a conventional L type full-bridge
converter in the case of Fig. 9(a) and a LC-type full-bridge
converter in the case of Fig. 9(b).

B. Control Strategies

The detailed control block diagrams are shown in Fig. 9(a-1)
and (b-1) for the proposed CCCS- and VCVS-control meth-
ods, respectively. Compared with Fig. 4, an additional voltage-
control loop for regulating v, is included to compensate the
power losses of the system.

For the CCCS [see Fig. 9(a-1)], the regulation of v, is realized
by modifying the ideal EPI (i.e., see Z.(s) in Fig. 1) into an
Ryirtual — Z. parallel impedance network shown in Fig. 9(a-2).
Here, Ryiytua1 1S @ virtual resistor representing the overall system
losses. To achieve this, the terminal voltage vy is firstly sensed
and divided by Ryiytual to generate the current 4yi 4,1 through
it. This current is then added to i, ,.r to form the new reference
i» .o for the converter to track. To properly compensate the
power losses, the value of Ryiiya1 1S dynamically predicted
through a PI controller which regulates the average v. at the
target value v;. This is possible because the absorbed energy,
and hence, the voltage v, varies according to the change of
Ryirtual- Similarly, for the VSVC method given in Fig. 9(b-2),
the regulation of v, is achieved by mimicking an Ryi¢yal —
Z,. series impedance network that is achieved by sensing the
terminal current ¢ to derive vyiyiya1, Which is added to v, y.cf to
obtain the new reference v;lef.

The inner-loop current controller for CCCS and the voltage
controller for VCVS are conventional controllers used for an
L-type and an LC-type full-bridge converters. In this paper, a
simple PI controller is used as the current controller for CCCS,
and a dual-loop controller is used as the voltage controller for
VCVS.

C. Bandwidth of EPI

The frequency response of an EPI can be derived by perform-
ing a closed-loop small-signal analysis over the entire system.
For instance, a CCCS system can be generally modeled as shown
in Fig. 10(a), where the bus voltage v, is assumed constant (i.e.,
v, = V). It can be seen that the dominating factor that limits
the bandwidth of the EPI is the inner current loop’s bandwidth:
The higher the bandwidth of the inner current loop, the higher
the EPI’s bandwidth. Therefore, an optimal design of the inner
current loop is necessary if high bandwidth is needed. Similarly,
the limiting factor of the EPI bandwidth for a VCVS system is
the inner voltage loop’s bandwidth. An emulated linear capac-
itor based on Fig. 9(a-1) (where G(s) is set to k,) is examined
here for the purpose of discussing the factors that affect the op-
erating bandwidth of the EPI. The simplified model is shown in
Fig. 10(b). Solution of the model in Fig. 10 gives the closed-loop
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Fig. 10.  (a) General and (b) simplified closed-loop small-signal system model
of Fig. 9(a-1) for emulating a linear capacitor of C, = (k, + 1)C,.

emulated impedance Z, (s) as

Z.(s) = q,}f (5) = - vf (S) —
iy (5) 1y (5) + 2y (5)
8’ Ly + 5 (2kpc Vo) + 2kicVe
$3C, Ly + 82 (2C,Vekye) (1 + k) + s[1 + 2C, (1 + ky )i Vi)
15)
where k. and k;. are the proportional and integral gain of the

PI current controller, respectively.
At low frequencies, when s < 1,

1
Ze (S)|.5<<1 ~
S [Co (kp +1) + 2kzlnvn}
1

N —mm, (ki Vo1 16
sC, (ky, +1) ( ) (16)

and at high frequencies,

1

Ze (8)|smo0 = 5C. (17

equations (16) and (17) indicate that the EPI is an amplified
version of C, at low frequencies and reverts to C, at high
frequencies. Fig. 11 shows the frequency response plots (in the
form of admittance) of the EPI calculated based on (15). It can be
observed that the EPI under test behaves like a linear capacitor
of C. = (k, +1)C, = 1010 uF only at low frequencies (up to
around 2000 rad/sec). Clearly from Fig. 10(b), one can see that
the bandwidth of the inner current loop is determined by (i) the
PI compensator, (ii) the DC-link voltage V.., and (iii) the output
filter inductor L. A larger Ly tends to decrease the loop gain
of the current loop. However, a larger V. and/or an optimized
compensator (including advanced nonlinear controller) design
can make up for the decrease of the loop gain, resulting in
a similar or even extended EPI bandwidth (assuming that the
system is still stable). If the power rating of the system is very
large such that a huge Ly is unavoidable, then one can either
increase the switching frequency or adopt a different circuit
topology, for instance, from two-level to multilevel, to reduce
the filtering inductance. The output capacitor C),, on the other
hand, has nothing to do with the bandwidth of the EPI because
it is not involved in the inner current loop. Instead, C, will only

150 T T
Calculated based on (15)

100 -~~~ - - Simulated_pased on Fig. 9(a-l1)
o
2 50
[}
el
2
50
2 i
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Fig. 11.  Frequency response plots (in the form of admittance) of an EPI of

1010-pF capacitance value with a PI current controller [calculated based on
(15)] and a PI current controller [through simulation based on the setup of
Fig. 9(a-1)].

offset the frequency response curve of the EPI vertically, which
can be concluded from (15).

In practice, the delays due to the sampling of the analogue-
to-digital converter and the computational process of the digital
controller can further reduce the bandwidth of the EPI. Their
effect to the bandwidth of the EPI is generally insignificant at
low-frequency ranges. The simulated frequency response of the
EPI that incorporates the effect of the computational and the
sampling delay is shown in Fig. 11. It can be observed that the
simulation model has been predicted accurately by the simpli-
fied model of (15) up to around 9000 rad/sec, beyond which the
delays gradually takes over the frequency response. The sam-
pling theorem predicts that the bandwidth an EPI cannot exceed
the Nyquist frequency. Therefore, an EPI may not be suitable
for applications that involve very-high-bandwidth operation.

V. EXPERIMENTAL VERIFICATION

A. Steady-State Performance of a Programmable Power
Impedance Based on Direct Reference Generation

To evaluate the performance of an EPI based on the proposed
direct reference generation method, four different experiments
have been conducted. The experiments include the emulation
of a linear capacitor, a linear inductor, a frequency-dependent
capacitor, and a frequency-dependent inductor. The purpose of
the first two experiments is to check the steady-state perfor-
mance of the CCCS and VCVS method, respectively. The last
two experiments are to verify the feasibility of achieving a fully
programmable power impedance profile through the reconfig-
uration of the impedance control function G(s). The hardware
configuration of the EPI is the same as that shown in Fig. 9. The
control of the converter is implemented using a DSP (Model:



266

TABLE II
DESIGN SPECIFICATIONS FOR TESTING VARIOUS EMULATED POWER
REACTANCE

Design Parameter Value Design Parameter Value
Average voltage for R, 48V Sensing capacitor C' 10 uF
Switching frequency f, 25 kHz Sensing inductor L g I mH

Load R, 100 Q DC-link capacitor C, 470 uF/350 V
Filter inductor L ; 3.5mH Switches Q1 — Q4 IRG4PC30FDPbF

An emulated DC capacitor
based on CCCS method

4
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Fig. 12.  (a) Experiment setup for testing the V-I responses of an emulated
linear capacitor and a physical capacitor, and (b) a schematic diagram of iq;4
generation.

TMS320F28069). The detailed circuit parameters and compo-
nent specifications are listed in Table II. It should be noticed
that the passive components such as the dc-link capacitor, the
sensing capacitor, and the filter inductor are off-the-shelf com-
ponents and are selected just for the proof-of-concept of the
proposed EPI. A thorough hardware optimization aiming for
a higher power density and higher efficiency is intended for a
future work.

1) Emulation of a DC Linear Capacitor: Fig. 12(a) shows
the setup for the first experiment. A dc system comprising a
dc current source Ipc, a disturbing current source iqis, and a
resistive load R, are used to test the performance of an emu-
lated dc linear capacitor. Here, Ipc is manually tuned such that
the average voltage of the load R, is 48 V. 1q;5 is generated
by a variable-frequency dc voltage source v}, (Model: GW
Instek APS-9501, output frequency range 45 —500 Hz) via a
100-uF de-voltage-blocking capacitor Cyocc [see Fig. 12(b)].
The frequency and amplitude of ¢4 is set at 50 Hz and 0.7 A (or
0.5 Arms), respectively. The sensing capacitor C, is chosen as
10 uF and G(s) is set as 100. According to (8), the EPI system
should be emulating a linear 1010 pF capacitor.

The measured steady-state waveforms of vy, iy, and v, are
shown in Fig. 13(a). It can be observed that the waveforms of
both iy and vy are purely sinusoidal. In addition, i ; is leading the
ac portion of vy by 90°. This indicates that the EPI is operating
as a capacitor. For comparison, a real capacitor of 1010 uF is
applied in the place of the emulated capacitor. The measured
waveforms of iy and v; are shown in Fig. 13(b). Both v and i
are almost identical for the emulated and the real capacitor. This
confirms the accuracy of the emulated 1010-uF capacitor with
the CCCS method at 50 Hz. Note, however, that the average
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Fig. 13. Measured terminal waveforms of an emulated and a real linear ca-
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Fig. 14.  Experiment setup for testing the V- responses of an emulated linear
inductor and a physical inductor, and (b) a schematic diagram of v;5 generation.

voltage of v of the emulated capacitor is slightly lower (around
1 V) than that of the real capacitor. This is because a small
portion of 77, i.e., the dc offset current of vy / Ryiyquai i8 used for
compensating the converter power loss, and the average current
through the load R, is reduced.

2) Emulation of a DC Linear Inductor: Fig. 14(a) shows the
setup for testing an emulated dc linear inductor based on the
VCVS method. The dc system consists of a constant dc voltage
source Vpc, a disturbing voltage source vg4is (20 Vrms/50 Hz)
and a resistive load R,. Here, Vpc is manually set at 48 V,
and vq;s is generated by v}, through a 1:1 turns ratio isolation
transformer for dc current bypassing [see Fig. 14(b)]. Since
L, = 1 mH and G(s) = 100, the EPI is equivalent to a linear
inductor of 0.101 H.

Fig. 15(a) illustrates the measured waveforms of vy, iy
and v. of the emulated 0.101-H inductor. Again, pure si-
nusoidal waveforms are obtained and inductive operation is
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Fig. 15.  Measured terminal waveforms of an emulated and a real linear in-
ductor of 0.101 H under 50-Hz voltage disturbances.

confirmed. A second experiment is conducted by connecting
areal 0.101-H inductor in the place of the emulated inductor, of
which the waveforms of v; and iy are shown in Fig. 15(b). It is
clear that the V-I characteristics of a physical 0.101-H inductor
have been successfully emulated by the EPI based on the VCVS
method.

3) Emulation of a Frequency-Dependent DC Capacitor and
a Frequency-Dependent DC Inductor: The hardware setup
for the third and fourth experiments are identical to those
illustrated in Figs. 12 and 14. The difference is that G(s)
is programmed as a P + R function, where G(s) =20+

80x(2xmx10)s .
T (@xmx10)at (2xmX100)7" Thus, the EPI should be emulating

a 1010-uF capacitor and a 0.101-H inductor (101 times ampli-
fication of the sensing impedance) at 100 Hz, respectively, for
the setup of Figs. 12 and 14. At other frequencies, the system
should emulate a 210-uF capacitor and a 0.021-H inductor (21
times of amplification of the sensing impedance), respectively.

The measured frequency response of a linear/frequency-
dependent capacitor (in the form of admittance) and a
linear/frequency-dependent inductor (in the form of impedance)
are shown in Fig. 16(a) and (b), respectively. Fig. 16(a) and (b)
clearly confirm the feasibility of the function of G(s) for con-
trolling and manipulating the EPIL.

B. Dynamic Performance of a Programmable Power
Impedance as a Multifunctional Equipment

1) EPI as a Dynamic DC Linear Capacitor (Changing G(s)
From a P Function to Another P Function): A dynamic linear
capacitor is a linear capacitor with a variable capacitance value

GENERAL APPROACH TO PROGRAMMABLE AND RECONFIGURABLE EMULATION OF POWER IMPEDANCES 267

Measured admittance of linear/frequency-dependent capacitor

capacitor |

20 T T T T T T T T7T T T T
o Measurement Results
10 When G(s)is a P function |
* Measurement results
When G(s) is a P+R function Q
H b PO LU B T e L (A
&  Opssmeanpend i i
h=) : i '
[0} - |
B 10 - 1010 pF
=
[
I}
=

B B e e ¢« o Bl SiowE
' capacitor
-30 e : :
135 T 1 T
S [
[} Op ! :
° - 4)\—_\0 :
] i %0
g + i ¥
A5 b e
0 i 1l |
10’ 10°
Frequency (Hz)
(a)
Measured impedance of linear/frequency-dependent inductance
60 T T T T L ! ! ! ! ! ! ! |
o Measurement Results
50 When G(s) is a P function
Measurement results
840 When G(s) is a P+R functlon
) ; ¥
g8 0.101H
g30 ~ inductor
B L
S 20 [rerszzastishecesadhensdins
10 g
0
135 T
~ 90
o
(5]
2
[0}
[2)
&
G A5 frererssnsmprssenmrrsmesaes
0 H
10' 10°
Frequency (Hz)
(b
Fig. 16. Measured frequency responses of (a) a linear capacitor and a

frequency-dependent capacitor, and (b) a linear inductor and a frequency-
dependent inductor.

[8]. In this experiment, a dynamic dc linear capacitor is achieved
by changing G(s) between 0 and 20, based on the system setup
shown in Fig. 12. The result will be a dynamically changing of
the emulated capacitance value between 10 and 210 pF. Both
ramp-change and step-change of G(s) are performed and the
dynamic waveforms of vy, iy and v, are shown in Fig. 17(a)
and (b), respectively.
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Fig. 17. Performance of the EPI as a dynamic dc linear capacitor, whose

capacitance value is (a) smoothly changed and (b) stepped changed between 10
and 210 pF.

From Fig. 17(a), it can be observed that the amplitude of
vy reduces and that of iy increases with the increase of G(s).
This is because the emulated capacitance increase with G(s),
and a larger capacitance naturally provides a better filtering
function for the disturbing current ¢4;s. For the same reason, the
reactive power absorbed by the emulated linear capacitor also
increases with G(s), leading to an increasing amplitude of v,.
In Fig. 17(b), G(s) is step changed from 20 to 0 and then back
to 20. The emulated capacitance is changed almost instantly
with the change of G(s). This can be observed by inspecting the
waveforms of vy, iy, or v.. The amplitudes of these waveforms
are instantly changed with the change of G(s).

2) EPI as a Plug-and-Play Ripple Mitigator (Changing G(s)
From R Function to P Function): A plug-and-play ripple mit-
igator is a device which has a low impedance only at selective
frequencies, while it has an infinitely large impedance at dc [17].
This can be achieved by programming the EPI as a frequency-
dependent capacitor, i.e., configuring G(s) in Fig. 12 into an
R function. To demonstrate the frequency-dependent V-I char-
acteristics of the EPI, two similar experiments are conducted

and the results are shown in Fig. 18. In both experiments, G(s)
20x(2x7x10)s ] )

2+ (2% x10) s+ (2x7 x50)

to a P function (G(s) = 20). The frequency of the disturb-

ing current 744 is set at 50 and 100 Hz in Fig. 18(a) and (b),

is changed from an R function (G(s)
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Fig. 18.  Dynamic performance of the EPI, when programmed from a linear
capacitor to a frequency-dependent capacitor under the condition of (a) iqjs
having a frequency of 50 Hz, and (b) i4;s having a frequency of 100 Hz.

respectively. Based on the R and the P function configured, the
EPI is always emulating a 210-uF capacitor at 50 Hz (11 times
of the amplification of C,) before and after the step change.
Therefore, the waveforms of v, iy, and v, remain in Fig. 18(a),
when the type of the impedance is changed. At 100 Hz, however,
the filtering effect of the EPI based on the R and the P function
becomes different, as clearly indicated Fig. 18(b). These results
confirm that an EPI based on an R function has a frequency-
dependent capacitance value. The results also demonstrate that
a fast changing between an emulated linear capacitor and a
frequency-dependent capacitor is viable.

3) EPI as a Negative Capacitor (Changing G(s) From
P Function to —P Function): A negative capacitor can be
achieved by configuring G(s) as a —P function. In this exper-
iment, an extra dc capacitor of 200 yF is connected in a shunt
with the load R, (not shown in Fig. 12) to test the performance
of a negative capacitor. The use of the extra capacitor in the
system is to ensure a positive overall capacitance in the system,
in order to guarantee a stable system operation. The reason is
analogue to that explained in [14] for a negative inductor.

When G(s) is smoothly changing from 20 to —20 as shown
in Fig. 19, the EPI is emulating a capacitor with a capacitance
value between 210 to —190 pF. Considering the extra added
200-uF capacitor, the total capacitance value of the dc system
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Fig. 19. Dynamic performance of the EPI when programmed from a linear
capacitor to a negative capacitor. The capacitance value is changed smoothly in
(a) and is step changed in (b) from 210 to —190 pF.

varies between 410 to 10 pF. As the total capacitance of the dc
system decreases, the amplitude of v; increases. An interesting
phenomenon can be observed before and after G(s) passes the
negative unity gain point (i.e., G(s) = —1): i is leading the
ac portion of vy by 90° when G(s) > —1, and i is lagging
the ac portion of vy by 90° when G(s) < —1. These results
show that a negative capacitor has the same steady-state V-I
characteristics as an inductor. In Fig. 19(b), a test of step change
of G(s) between 20 to —20 is conducted. It can be seen that a fast
transition between a linear capacitor and a negative capacitor has
been achieved.

4) EPI as a SVC (Changing G(s) From R Function to —R
Function): An SVC can be regarded as a type of dynamic
frequency-dependent reactance, of which both inductive and
capacitive reactive power generation needs to be generated. To
achieve reactive power generation for a 50-Hz system, G(s) is

. 2 x10 :
set as an R function (e2+(2>< (XT(;;();X 5077 ), which has a
& m & X9

unity gain at 50 Hz. Variable capacitive power generation can
be achieved by configuring the gain of the R function to be larger
than —1, whereas inductive power generation can be achieved
when the gain of the R function is less than —1. A miniature 20-
Vrms/ 50-Hz ac system powered by an ac voltage source Vi ¢
is used to test the performance of the EPI (see Fig. 20). Note
that the hardware of the EPI is identical to that used in Fig. 12.
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Fig. 21. Dynamic performance of the EPI when changed from a frequency-
dependent capacitor to a frequency-dependent inductor. The gain of the R func-
tion is changed smoothly in (a) and is step changed in (b) between 10 to —10.

Fig. 21 shows the measured vy and ¢y, when the gain of the
R function changes between 20 and —20. As the gain of the R
function passes the —1 point in Fig. 21(a), the phase relationship
between ¢y and vy also changes from leading 90° to lagging 90°.
In addition, as the gain of R gradually reduces, the reactive cur-
rent ¢y, and hence, the produced reactive power changes linearly
and seamlessly. In Fig. 21(b), when the gain of the R function
is step changed from 20 to —20 or inversely, the phase of iy
with respect to vy is changed instantly. Therefore, fast switch-
ing between a frequency-dependent capacitor/inductor has been
demonstrated. The results indicate that a fast dynamic SVC
based on direct impedance control is feasible.
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VI. CONCLUSION

In this paper, a general control strategy for actuating a pro-
grammable and reconfigurable power impedance is presented.
The challenges, control method, and practical considerations are
explained. A programmable power reactance which can be con-
figured as a linear capacitor, a negative capacitor, a frequency-
dependent capacitor, or a frequency-dependent inductor, has
been successfully demonstrated and tested in hardware using
a full-bridge inverter with small passive reactive components.
With the proposed control method, fast changing between
different reactance values and types is feasible. The control
method can be further extended to emulate a general form of the
power impedance, provided that the power converter is capable
of both real and reactive power generation. Unlike the existing
EPIs which are designed specifically for a single task, the pro-
grammable EPI here can achieve multiple functions according
to the user input. The concept of programmable EPI may offer a
new and flexible way to perform power filtering, energy storage,
and even power conversion from an impedance perspective. It is
believed by the authors that the concept of EPI should be further
explored in applications such as active filtering, SVC, power
flow control [18], ancillary serves [19], hardware-in-the-loop,
power system stability [20], single-phase AC/DC converters
without electrolytic capacitors [21]-[25], and lighting [26].
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