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Abstract—There is widespread attention on integrating renew-
able energy sources, such as the solar power, to DC distributed
power systems and DC microgrids. The voltage stability and the
power quality issues are of concern if a large proportion of power
sources in these DC power systems are generated by intermittent
renewable energy sources. This paper presents an electric active
suspension technology known as the DC electric springs for
stabilizing and improving the quality of the power distributions
in DC power grids. The basic operating modes and characteristic
of a DC electric spring under different types of serially-connected
non-critical loads will first be introduced. Then, various potential
issues that affect the power quality of the DC power systems,
namely the bus voltage instability, voltage droop, system fault, and
harmonics, are briefly addressed. Laboratory-scale experiments
validated that the aforementioned quality issues can be mitigated
using the proposed DC electric spring technology.

Keywords—Smart load, distributed power systems, power elec-
tronics, electric springs, DC grids, smart grid.

I. INTRODUCTION

There is a growing interest in using direct current (DC)
power systems and DC microgrids for our electricity distri-
bution, especially for small-scale commercial and residential
applications [1], [2]. Different voltage levels on DC power
distribution systems have been proposed, such as that of 48 V,
120V, 230 V, 325 V, and 400 V [3]-[6]. There is an increasing
number of renewable distributed generations, such as small-
scale photovoltaic systems, being connected to DC power
networks [5]. The injection of intermittent renewable energy
sources into these power systems without proper control and
management can cause stability problems [7].

The AC electric spring (ES) technology is a type of the
demand side management solution, which was initially used
to stabilize the AC power grid voltage. So far, three versions
of ES have been developed. The first two versions involve
the use of an ES connected in series with a non-critical load
(such as thermal heaters) [8]-[11]. Consequently, the ES and
the non-critical load form a smart load that can adaptively
consume active and reactive power according to the availability
of intermittent power generation. The third version of ES can
be incorporated into an existing bidirectional AC-DC grid
connected inverter commonly used for solar and wind power
systems without association with any non-critical load [12].
So far, different functionalities of the ES have been explored.
In [10], the possibility of ES in providing both active and
reactive power compensation is addressed. This enables ES to
provide additional functions of power factor correction, energy
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Fig. 1. Radial DC network with DC-ES installed.

storage, and power control of non-critical loads, on top of
its core function of grid voltage stabilization. In [11], it is
illustrated that ES can be used to reduce the energy storage
capacity of future power grid systems. Up to now, all reports
on ES are related to AC power system applications [8]-[11].
There is currently no report on the application of ES on DC
power systems.

This paper proposes the concept of DC electric springs
(DC-ES) for applications in DC power grids. This is possibly
the first attempt on using an ES to assist in the regulation of the
voltage level of the busbar of a DC microgrid, and possibly the
DC transmission lines. Here, the DC-ES are serially-connected
to a non-critical load, thereby forming a smart load.

Similar to AC mains with a specified voltage tolerance,
it is anticipated that new specifications and regulations on
governing voltage tolerances of DC power grids will be
established. Hence, a proper regulation of DC bus voltages is
required in the future DC power systems. Therefore, the DC-
ES can possibly be used for (i) regulating the DC bus voltage
within the required limits while enduring the fluctuations of
intermittent energy sources or deep voltage sags of power
faults and (ii) performing load boosting and shedding functions
to match the power consumption of the DC loads to the
renewable power generation connected to the DC grids. An
example of a radial DC network is shown in Fig. 1. Here,
Vbc is the supply side voltage, R.; to R4 are the critical
loads, and R, and R,.o are the non-critical loads connected
to the network. The intermittent renewable energy source is
represented by [.,1. It should be noted that the distributed
line impedances (Rq; to Rq4) between any two points on the
DC network must be considered.

II. OPERATING PRINCIPLE OF DC ELECTRIC SPRINGS

This section provides an analysis on the characteristics
of the DC-ES in different regions of operation. The basic
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Fig. 2. DC-ES connected to a non-critical load in series.

configurations of series-connected DC-ES installed on positive
and negative DC buses are shown in Fig. 2(a) and Fig. 2(b), re-
spectively. The polarity definitions of the ES voltage and non-
critical voltage are shown in the figures. The positive direction
of the smart load current (i.e., the ES current and non-critical
load current) is directed towards the ground (0 V). Here, it is
assumed that the DC bus voltage Vi,,5 is constant and equal
to a nominal reference value Vi, Rrer. Hence, the impedance
of the distribution lines is not taken into consideration in this
section.

Generally, non-critical DC loads can be classified into four
types, and they are

1. Positive constant-resistive loads;
2. Negative constant-resistive loads;
3. Positive constant-power loads;
4. Negative constant-power loads.

The terminology “positive loads” implies they are power
sinks and electrical power is consumed by the load. All loads
consuming energy are in this category. Conversely, “negative
loads” implies power sources and electric power is delivered
by the negative load. The characteristic and operating regions
of these smart loads will be discussed.

A. Constant-Resistive Non-Critical Loads Connected to DC-
ES

With constant-resistive loads, there are four possible con-
figurations, namely, (i) positive load on a positive DC bus,
(ii) positive load on a negative DC bus, (iii) negative load
on a positive DC bus, and (iv) negative load on a negative
bus. Consider that the non-critical load shown in Fig. 2(a) and
Fig. 2(b) is a constant-resistive load with a value R,. The
relationship between the smart load current Ig, the ES voltage
Ves, and the DC bus voltage Vg is

Vbus = Ves + Vo (1)
= Ves + Iiso
Using (1), the ES power P, the non-critical load power P,

and the smart load power Py (summation of the ES power and
the non-critical load power) can be expressed as

Pes = Veslsl = V;S(Vb;; — eS) 2
o

Vous — Ves)”
Py = Vo = W o). (3)
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and

Vbus(vbus - Vves)

R “4)

From (4), it is observed that the smart load power P decreases
linearly with the ES voltage for constant-positive-resistive
load and increases linearly with the ES voltage for constant-
negative-resistive load.

Psl = Vbusjsl =

Equations (1) to (4) are valid for both positive or negative
DC bus voltage with either positive or negative value of
constant-resistive non-critical loads. Considering the example
where the DC bus voltage is positive and the non-critical load
is positive constant-resistive, we have

> gl for Vs < 0
Isl (5)
< Ipngl for Veg > 0
P >0 for 0 < Ves < Vbus_Ref ‘
S <0 for V:es <0or Ves > Vbus_Ref ( )
B > Ppgl for Vg < 0 or Ves > 2Vhus_Ref -
° < Pnsl for 0 < ‘/es < 2vaus_Ref
and
> Pl for Vs < 0
PSI ns es (8)
< Pnsl for Ves >0

where I, and P,q are respectively the nominal smart load
current and nominal smart load power, which are respectively
calculated using (1) and (4) with ES being turned off, i.e.,
Ves =0 V.

Figure 3 shows the smart load current, the ES power, the
non-critical load power, and the smart load power versus the
ES voltage where the base voltage, the base current and the
base power for the per unit conversion are Vi,,s, Ing and Pygl,
respectively. The graph is divided into four regions indicating
there are four modes of operation (Fig. 3). Table I summarizes
the conditions of the system in these four regions.

TABLE 1. MeDES oF OPERATION ®F DC-ES oN PesITIVE DC BUS
WITH A P@SITIVE CONSTANT-RESISTIVE N@ON-CRITICAL L®AD
Region Vs range I |y oS Py
1 Ves <0 >Ther <0 > Py > Paa
2 0 < Ves < Vious <Inee >0 < Py < Paa
3 Veus_Ref < Ves < 2Vius Ret < Inst <0 < Pual < Paa
4 2Vieus < Ves <Insl <0 > Py < Pug

B. Constant-Power Non-critical Loads Connected to DC-ES

Similarly, there are four possible configurations of a smart
load implemented by a DC-ES with a serially-connected
constant-power non-critical load. Considering the non-critical
loads shown in Fig. 2(a) and Fig. 2(b) are constant-power
loads with a value P,. The relationship between the smart
load current, the ES voltage and the DC bus voltage is

Vbus = Ves + Vo

Py
- (es+l_Sl

9
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Fig. 3. The characteristic of a smart load implemented by a DC-ES with a constant-resistive non-critical load connected in series.

Using (9), the ES power and the smart load power can be
expressed as

Ves o
Py=—"—7-— 10
« (Vbus - Ves) 19
and
VbusPo
P = ——
! (Vbus - Ves) (1 1)

Equations (9) to (11) are valid for both positive or negative DC
bus voltage with either positive or negative value of constant-
power non-critical loads. Considering the case where the DC
bus voltage is positive and the non-critical load is a positive
constant-power load, we have

> Insl for 0 < ‘/es < Vbus_Ref
Y <1 for Vs > 0 or Ves > Vous ret 12
p >0 for 0 < Ves < Vbus_Ref 13
es) <0 for Veg > 0 or Vs > Vibus_Ref )
and
p > Pnsl for 0 < Ves < Vbus_Ref 14
LY < P for Veg > 0 or Vos > Vibus_Ref )

Figure 4 shows the smart load current, the ES power, the
non-critical load power and the smart load power versus the ES
voltage where the base voltage, the base power and the base
current for the per unit conversion are Vius Ref, FPo and Ing,
respectively. I,q is the nominal smart load current calculated
using (9) when Vs = 0 V. The graph is divided into three
regions indicating there are three modes of operation. Table II
summarizes the conditions of the system in these three regions.

III. ISSUES ON DC POWER SYSTEMS

In the previous analysis, it was assumed that the DC bus
voltage is constant. In a realistic DC power system, the DC bus
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TABLE II. MeDES oF OPERATION ®F DC-ES oN PesSITIVE DC BUS
WITH A P@SITIVE CONSTANT-PO@WER NON-CRITICAL L@OAD
Region Ves range I I Py
1 Ves <0 <Ihwg <0 < Py
2 0< Ves <Vious >1Inst >0 > Pyg
3 Veus < Ves <Ihq <0 <P

voltage is disturbed and the DC-ES will be used to regulate
the DC bus voltage within the permitted limits. This section
is focused on identifying the possible issues related to DC
bus voltage disturbance. The DC power system shown in
Fig. 1 is a simplified model of a realistic DC power system.
There are several non-ideal factors that exist on such systems.
First, parasitic resistances exist on the power distribution lines.
Second, the DC source Vpc is a finite power source. Third,
loads on the DC bus can inject harmonic disturbance into the
bus. Fourth, the occurrences of equipment or system faults are
unavoidable. By considering these factors, different types of
disturbances on the DC bus voltage are possible and will be
discussed. The role of DC-ES is to alleviate the effects of these
disturbances which may affect the voltage stability of the DC
bus.

1) Unstable DC Bus Voltage: In typical DC power
systems, the DC bus is not always maintained at a stable
level. The DC bus voltage level varies with time as shown in
Fig. 5(a). The causes of the variation include (i) supply side
voltage being unstable, (ii) intermittency of renewable energy
sources, and (iii) load power variation. The time-scale of the
variation can vary widely.

2) Droop Effect: Due to the presence of distribution
line impedance, there is voltage drop along the distribution
network. Hence, the voltage level at each point of the DC
bus is different. The droop effect will increasingly reduce the
voltage level as the distribution line point moves further away
from the power source. Moreover, the voltage drop varies with
the loading condition. As shown in Fig. 5(b), a heavy load
condition can cause the voltage level at certain location of
the network to drop below the allowable limits of DC bus
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Fig. 4. An example of the characteristic of a smart load implemented by a DC-ES with a constant-power non-critical load connected in series.
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Fig. 5. Different issues on DC power systems.

voltage level, whereas there is no such issue with a light load.
It is noted that, in AC power systems, the droop effect can be
mitigated using distributed capacitors to provide reactive power
support. However, this approach cannot be applied on DC
power systems as the DC system only handles active power.

3) Equipment or System Fault: The voltage level on
the DC bus can drop suddenly if there is a short circuit due to
equipment or system faults, as illustrated in Fig. 5(c). When a
fault occurs, there will be a sudden instantaneous voltage drop
on the DC bus voltage and its voltage level may be lower than
the allowable minimum level. The fault will be cleared by
pre-designed protection circuits that isolates the fault location.
Once returning to normal, the DC bus voltage level will be
higher than the nominal value as part of the loads would have
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(d) DC bus voltage with substantial harmonic component

been disconnected from the DC bus.

4) Harmonic Issue: Harmonic noise can be generated
by loads or power sources. For instance, an AC motor driving
circuit implemented by a power inverter connected to a DC
bus can inject harmonic current into the DC system with a
harmonic frequency double the synchronous frequency of the
motor. In addition, a power rectifier connecting to the DC
power system can inject harmonic currents at twice the utility
frequency. Figure 5(d) shows a DC bus voltage containing a
substantial components harmonic of 1/7,.. If the amplitude
of harmonic content is too large, the ripple on the DC bus can
exceed the voltage limits of the busbar.

687



L, S Cy e e
T T
(L | . . 6x2
w
s 1+ 1+ £
=\ = T 7T 5
ol o C + + Cca
2 i i
591 L T T
e _1s
T T
DSP
Controller
Fig. 6. The power-stage schematic of the DC-ES used in the experiment.
TABLE IIL SPECIFICATIONS OF THE DC-ES
Description Parameter  Value
MOSFET switches  S1. Sp TIRFP3IN50L
Storage capacitors Ci, C2 1500 pF
Filter capacitor Ce 6.6 pnF
Filter inductor Lo 600 nH
Batteries LC-RI27R2NA
(24 pieces)
Switching frequency  fs 20 kHz
DSP Controller TMS320F28069

IV. EXPERIMENTAL RESULTS

The objectives of the following experiments are to demon-
strate different modes of DC-ES operation and to validate
the operating limits of a DC-ES for a given system against
the theoretical derivations. The DC-ES is implemented using
the half-bridge inverter shown in Fig. 6 and is controlled
by a low-cost commercial digital signal processing controller
TMS320F28069 from Texas Instruments. The specifications of
the converter of the DC-ES setup is shown in TABLE III. In
practice, the permitted range of the ES voltage will be bounded
by the given rated ES voltage, the rated smart load current and
the allowable range of the non-critical voltage, as given by

Ves_rated_min < Ves < Ves_rated_max
Vo_rated_min S Vo S Vo_rated_max
I, <I

sl —

5)

Isl_rated_min < sl_rated_max

The permitted range of the ES voltage can be found using the
constraints in (15) and can be expressed as

Ves_min < Ves < Ves_max

< (16)
Once the permitted range of the ES voltage is found, the
operating limits of the system can be predicted. Here it is
assumed that the DC-ES is operated with a suitable control to
regulate the DC bus voltage to Vi,us Rrer and the ES is within
the range defined in (16). The experiment is divided into two
parts. Part one demonstrates the functionality of DC-ES for
regulating the DC bus voltage as discussed in Section III-1.
Part two demonstrates the use of DC-ES for alleviating the
droop effect as described in Section I1I-2.

A. Part One — Unstable Supply Voltage

This experiment verifies the use of DC-ES for regulating
the DC bus voltage as discussed in Section III-1. The setup
of the experiment is shown in Fig. 7. The nominal DC bus
voltage is set at Vius Rer = 48 V. The actual DC bus
voltage Vp( is provided by a programmable DC power source,
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Fig. 7. An example of a DC electrical system with a DC-ES installed.
TABLE IV. SYSTEM SPECIFICATI®ONS @F THE EXPERIMENTAL SETUP
USING CONSTANT-RESISTIVE L@AD

Description Parameter Value
Nominal DC bus voltage Veus_Ref 48 V
Distribution line resistance Ra 0.37 Q
Critical load resistance R 14.05 ©
Non-Critical load resistance Re 15.128 Q2
Rated ES minimum voltage Ves_rated_min —60 V
Rated ES maximum voltage Ves_rated_max 60V
Rated smart load minimum current Is1_rated_min —12 A
Rated smart load maximum current Tes_rated_max 12A
Rated non-critical load minimum voltage Ve_rated_min —60V
Rated non-critical load maximum voltage ~ V_rated_max 60 V

which is programmed to give a fluctuating voltage to simulate
the unstable supply side voltage source. It has the following
expression:

Vbe = Vbc_nom + AV (17)

where Vpc_nom 1S the nominal supply side voltage that allows
the DC bus voltage to be Vius rer Without DC-ES, and AVpc
is a random fluctuating voltage. Two cases are studied in this
experiment: (i) positive constant-resistive non-critical load and
(ii) positive constant-power non-critical load.

1) Positive Constant-Resistive Non-Critical Load:
The specifications of the experiment is shown in TABLE IV.
Substituting these parameters into (15) yields

—24V < Vs < 60V (18)

which implies Ves min= — 24 V and Vgs_max= 60 V. The
nominal DC source voltage is found from

(Ro//Rc) + Ra

(Rof/ Re) .

VDC_nom = Vbus
which gives Vbc_nom = 50.44 V.

The experiment is divided into two parts. In the first
part, the DC-ES is turned off and a fluctuating supply side
voltage with a fluctuating profile is applied to the DC system
for 300 seconds. In the second part, the DC-ES is activated
and the same fluctuating profile is applied for the same time
period. The experimental results are shown in Fig. 8. The
measurements show that without DC-ES (¢t = 0 to 300 s),
the DC bus voltage fluctuates between 45 V to 51 V. With
DC-ES activated (¢ = 300 to 600 s), the DC bus voltage can
be regulated, except during the short periods of 7} and 15. At
T1, the ES voltage reaches its minimum, Vig min, and at 75, it
reaches its maximum, Ves_max. Therefore, the DC bus voltage
cannot be regulated in these two periods of timed due to its
limited capacity. Such a problem can be resolved by increasing
the number of ES installed over the distributed line to support
the voltage regulation.



<— ES @ff ES @n —
L1 5 < T »i
2o 53
7 z T N
=55
22 49
3 ; 47 | | | | | I
0 50 100 150 200 250 300 350 400 450 500 550 600
=9
= 48
= 47 Y4
'g Z‘s, L L L L | L
) 50 100 150 200 250 360 350 400 450 500 550 600
S 60
g 2 4
Z 0
> -20
A a0 I I I I I I
0 50 100 150 200 250 30 350 400 450 500 550 600
T o
22 100
£EE o 2
S 00 ‘ ‘ ‘
o 50 100 150 200 250 300 350 400 450 500 550 600
Time (Sec)
Fig. 8. Experimental result with an unstable supply side voltage variation with a constant-resistive non-critical load.
< ES off < ES On —>
. 51
=5
w3y 505 d‘.—“\w .“—W
3 I e g et S~
=3 A A, W\
@ > 49.5 l L L L | L
0 50 100 150 200 250 360 350 400 450 500 550 600
S 485
g,, 48 JN—-\N,
2 TeAL L T
S 415 \or/
2 47 |
= % 50 100 150 200 250 360 350 400 450 500 550 600
g5
3 5 e ]
R T o
2 s Nt
B 25 I I I I e L L
0 50 100 150 200 250 360 350 400 450 500 550 600
250
2~
3 3: 200
'gf £ 150
25 100 ! ! ! ! ! i
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (Sec)
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TABLE V. SYSTEM SPECIFICATI®ONS @F THE EXPERIMENTAL SETUP . . . .
USING CONSTANT-P®WER L @AD with thg DC-ES while its output port is c'onnected to an
electronic load. The specifications of the experiment are shown
Description Eacmeits NI in TABLE V. Substituting these parameters into (15) yields
Nominal DC bus voltage Veus_Ret 48V
Distribution line resistance Rqa 037 Q —24 V S V:es S 10V (20)
Critical load resistance R 14.05 Q a . . - -
Non-Critical load power P, 150.78 W Wth.h lmPheS that Vés—mm._ —24 Vand ‘/f{s—max_ 10 V. The
Rated ES minimum voltage Vesratod_min  —60 V specifications of the experiment are shown in TABLE V. The
Rated ES maximum voltage Ves_rated_max 60 V nominal DC source voltage is found from
Rated smart load minimum current Is_rated_min 0A
Rated smart load maximum current Tes_rated_max 12 A v - R F, o Vbus_Ref + Vbus_Ref (21)
Rated non-critical load minimum voltage Ve_rated_min 38V DC = f1d Vb Ref R R d
Rated non-critical load maximum voltage Ve_rated_max 72V L ¢

2) Positive Constant-Power Non-Critical Load: The
constant-power non-critical load is implemented using a DC-
DC buck converter with its input port connected in series
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as Vpc nom = 950.43 V. The experiment is similar to that
described in Section IV-A1l. The DC-ES is turned off for the
first 300 seconds and then turned on for the next 300 seconds.
The experimental results are recorded in Fig. 9. It can be seen
that that without DC-ES (¢ = 0 to 300 s), the DC bus voltage
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Fig. 10. (a) Experiment configuration for droop effect and (b) experimental

results show the voltage level on each node.

fluctuates between 47 V to 48.5 V. With DC-ES (¢ = 300
to 600 s), the DC bus voltage can be regulated at all times.
Since the application of negative voltage on the constant-power
load (the buck converter) is prohibited, the DC-ES can only be
operated in either region one (Vs < 0) or region two (Veg > 0)
according to Fig. 4.

B. Part Two — Droop Effect

This experiment verifies the effectiveness of using DC-ES
for alleviating the droop effect along a radial DC network.
The configuration of the experiment is shown in Fig. 10(a).
The parameters used in this experiment are Rq; = Rqs =
Rd3 = Rd4 =02 Q, R1 = Rg =25 Q, RQ =10 Q, and
R4 =25 Q (in light load condition) or R4 = 12 2 (in heavy
load condition). The DC source voltage is set at Vpc = 50.5 V.
The nominal DC bus voltage is Vius rer = 48 V and a 5 %
allowable variation is chosen. The experiment results are given
in Fig. 10.

When R4 = 25 €, the DC bus voltage of all the four nodes
are within the permitted voltage limits (45.6 V < Vs <
50.4 V). When R4 = 10 £, the DC bus voltage of node three
and four exceed the minimum limit. Then, the ES is activated
in such a way that the DC bus voltage of all the four nodes
resume to within the voltage limits.

V. CONCLUSIONS

This is possibly the first attempt on using a power elec-
tronic device (in the form of electric springs) to assist in the
regulation of the voltage level of the busbar of DC power
systems. Different possible types of a non-critical load that is
serially connected to the electric spring to form a smart load is
analyzed. Experimental results are provided for verifying the
use of DC electric springs for alleviating various power quality
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issues. The paper provides a fundamental understanding on the
DC-ES characteristics and modes of operation, which sets a
foundation for future studies on the power quality improvement
and the busbar voltage regulation of DC distribution systems
and DC microgrids.
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