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ABSTRACT This work is focused on a step-down switched-inductor hybrid dc-dc converter (SIHDC)

integrated in a small power wind energy conversion system (WECS). The converter has two roles, to maintain

the wind turbine at the maximum power point by controlling the electric generator loading, and to charge

a high power density supercapacitor, which is part of a hybrid storage unit that also contains rechargeable

batteries. The paper points out the steady-state analysis of the converter in continuous and discontinuous

current modes, specific for this application. The stability investigation is presented in detail, including

the influence of the electrical generator. The parameterized small-signal transfer function of the control

variable derived in this paper can be used to quickly obtain the information needed to evaluate the stability

of any similar WECS. A current controller was designed to achieve a stable operation in continuous current

mode, and afterwards the stability was checked for discontinuous current mode. A 5kW step-down SIHDC

prototype was built and extensively tested, both in laboratory, by using a wind turbine emulator, and in a

small power (5kW)WECS industrial platform. Experimental results obtained under real operating conditions

confirm the theoretical analysis and laboratory tests, showing that SIHDC converter is a valid solution for

low power wind energy conversion systems.

INDEX TERMS Hybrid dc-dc converters, renewable energy, stability analysis, step-down dc-dc converters,

switched-inductor, wind energy conversion system, wind turbine.

I. INTRODUCTION

Themain goal of a wind energy conversion system (WECS) is

to get the maximum available power from the wind turbine at

each moment. This is done by loading the electrical generator

in accordance with the wind speed, in order to keep the

operation at the maximum power point of the wind turbine

power-speed characteristic.

For medium and high-power wind energy applications,

back-to-back three-phase converter topologies are used to

transfer the power from the wind turbine to the grid, while

The associate editor coordinating the review of this manuscript and

approving it for publication was Giambattista Gruosso .

at the same time providing reactive and active power con-

trol [1]–[3].

On the other hand, for low power turbines, up to 10kW,

the use of three-phase controlled rectifiers is generally con-

sidered too expensive. In these cases, the three-phase output

voltage of the electric generator is rectified by a diode bridge

and a DC-DC converter is used to set the generator output

power. A classical boost converter is suitable for this applica-

tion [4]–[7] if the converter output voltage bus is connected

to an inverter, which transfers the power to the local grid.

However, due to the uncontrolled rectification, the electro-

magnetic torque ripple is relatively large and this fact can

have a negative impact on the wind turbine reliability. This

issue can be mitigated by a careful control design [5] or by

136092 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
VOLUME 8, 2020

https://orcid.org/0000-0002-6064-2350
https://orcid.org/0000-0001-6417-3750


O. Cornea et al.: Step-Down SIHDC for Small Power WECSs With Hybrid Storage

replacing the diode bridge with a specially designed ‘‘multi-

pulse autotransformer rectifier’’ [7]. A study presented in [6]

reveals that for a permanent magnet generator with high

number of pole-pairs, the electromagnetic torque ripple is

well filtered by the shaft and rotor, so that the mechanical

torque ripple amplitude is below 1% of the turbine rated

torque.

In small power WECSs with energy storage elements

(supercapacitors and/or batteries), the step-down converter

topologies are more convenient to use, because the num-

ber of storage cells in series in this case can be much

lower. Hybrid DC-DC converters [8], [9] are good candi-

dates for this application. By inserting switched-inductor or

switched-capacitor cells, passive or active, in standard simple

converters (e.g., buck, boost, Cuk, Sepic), new topologies can

be obtained, characterized by high or very high voltage con-

version ratio for unidirectional [9]–[12], [14] or bidirectional

operation [13].

The use of a step-down SIHDC in a WECS was pre-

viously reported [15], but an in-depth investigation of the

converter integration into the system has not been published

in the literature. Nevertheless, this investigation is necessary

because the operation can become instable if the stability

is not correctly evaluated by taking into consideration the

parameters of the electric generator. In addition, in energy

conversion systems that contain supercapacitors, as in the

case presented in this paper, it must also be taken into account

that the converter must operate for a large variation of the

output voltage.

Supercapacitors are already present in a range of applica-

tions that require high power density: trains and trams propul-

sion systems, electric vehicles and busses, energy storage

systems connected to high power sources, different control

functions such as voltage control, frequency regulation and

smoothing short term power fluctuations in electric grid,

micro- and smart-grids, etc. [16], [17]. Moreover, accord-

ing to many market forecasts, a high global growth rate is

expected in the future years, which can lead to further price

reduction and continuous investment in key research projects

focused on characteristics improvement.

Due to their high-power density, low maintenance require-

ments and ability to withstand extreme conditions, the super-

capacitors are especially attractive for renewable energy

applications [16]. According to recent research, it is possi-

ble to obtain supercapacitors with very high power density,

while keeping the energy density at a decent value [18], [19].

However, in most applications, currently it is necessary or

advantageous to also have rechargeable batteries in the energy

storage system. [20], [21]. In this type of hybrid system

- similar to the one presented in this paper -, the super-

capacitors deal with high power peaks and the batteries

are used for storage at high energy density, or as backup

devices.

After a review of the switched-inductor hybrid step-

down converter theory, the paper presents the following new

contributions:

1) An analytical averagemodel of theWECS, including the

hybrid converter and a DC equivalent model for the electrical

generator;

2) A parameterized small-signal transfer function of the

control variable that can be used to quickly assess CCM

stability for any similar WECS;

3) A circuit average model which is valid for any similar

WECS, operating in CCM or DCM;

4) Current controller design to assure the stability in CCM;

stability check in DCM through Bode diagrams;

5)WECS validation through digital simulations and exper-

imental tests conducted in laboratory (using a wind turbine

emulator), and in the field, on a 5kW wind turbine industrial

platform.

Section II presents the WECS configuration, Section III

is for steady-state analysis whereas the stability analysis is

presented in Section IV. Simulation and experimental results

are described in Section V. The conclusion is drawn in

Section VI.

II. WECS CONFIGURATION

The energy conversion system of the small power wind tur-

bine discussed in this paper is presented in Fig. 1. The part

of the system located inside the rectangle drawn with dashed

line represents the paper scope. The elements situated on

the right side of the supercapacitor (SC) have no influence

on the system stability and can be modified according with

the application requirements. In general, the battery bank is

necessary but its capacity can be low, therefore inexpensive

(or not expensive) batteries can be used.

FIGURE 1. Block diagram of a WECS that incorporates a step-down SIHDC
which sets the operating point of the electric generator.

A specially designed permanent magnet synchronous gen-

erator (PMSG) having a high number of pole-pairs is used

to obtain a three phase, variable frequency electrical system

with sinusoidal voltages that are rectified by a three-phase

diode bridge (DB).

The step-down SIHDC connects DB with the superca-

pacitor. The hybrid converter has two roles in the energy

conversion system:

• It is used to set the operating point of PMSG through the

SIHDC input current, which is the controlled variable,
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in order to get, at each moment, the maximum power

from the generator.

• It charges the supercapacitor, being able to transfer the

maximum electrical power from the wind turbine to the

converter output.

In normal operation, SC is able to store the energy taken

from the wind turbine, even in the case of the maximum

available power. It is an energy buffer, connected between

PMSG and the battery bank BK that is unable to take high

peak power.

The battery bank (four 12V batteries in series) is charged

from SC through a DC charger (CHRG), with a maximum

current much smaller than SC charging current. An inverter

with an internal boost circuit (INV) is used to transform the

DC BK voltage in an AC voltage to supply the AC standard

loads.

The inverter can also be connected to the AC local grid to

inject power in the grid, when the wind energy exceeds local

load requirement. CHRG and INV are commercial devices

integrated in the system to test the operation in different

scenarios.

If the wind speed is high for long time periods, the super-

capacitor voltage can increase to the maximum level and the

batteries will become fully charged. In order not to waste

wind energy, the energy has to be diverted through other

components, automatically introduced in circuit by the Loads

Control block. It can connect/disconnect two types of DC

loads (those fed by the SC voltage and those connected to

the battery bank) and AC loads. For very high wind speeds,

the system is protected by mechanical means and by com-

pletely disconnecting the PMSG from SIHDC input.

The operation of CHRG, INV and Loads Control block is

synchronized, so that in all WECS normal operating condi-

tions it is possible to transfer via SIHDC the maximum power

which can be obtained from the wind turbine.

The main characteristics and parameters of WECS, includ-

ing those of SIHDC prototype, are presented in Table 3 and

VI-B, Section VI.

III. SIHDC STEADY-STATE ANALYSIS

A. CONTINUOUS CURRENT MODE (CCM)

SIHDC schematic is presented in Fig. 2. For the sake of sim-

plicity, in this section we will discuss the converter operation,

considering the input voltage given by a DC source, not by

a rectified sinusoidal voltage source. The converter current

waveforms and the basic equations are the same in this case as

in the case presented in Fig. 1. The influence of PMSG on the

energy conversion system, especially on SIHDC operation,

is taken into account in section IV, where the stability is

investigated.

SIHDC basic theory for steady-state operation was pre-

sented in previous papers [8], [9]. This paper focuses on those

aspects that are relevant or specific to the WECS application.

Inductors L1 and L2 are considered of equal inductance

values, in consequence the current waveforms are identical.

FIGURE 2. Schematic of the step-down SIHDC.

In addition, the analysis requires the power switches S1, D1

and D2 to be ideal.

In CCM operation, the converter can be in one of the two

possible states, presented in Fig. 3.

FIGURE 3. SIHDC equivalent circuits: a) for S1 on; b) for S1 off.

If S1 is in conduction, the inductorsL1 and L2 are connected

in series and the energy is accumulated in their magnetic

fields. The voltage across one inductor is half of the difference

between input and output voltages and is always positive. The

current through L1 is rising linearly, as Fig. 4 shows. In this

state, the voltage across the output capacitor is rising, how-

everCout is considered sufficiently large, as the output voltage

ripple can be neglected. The current iout, shown in Fig. 2,

is equal to the inductor current.

If S1 is blocked, L1 and L2 are connected in parallel through

D1 andD2. The voltage across one inductor is negative, equal

in absolute value to the output voltage. The inductor current is

decreasing linearly and a part of the energy from its magnetic

field is transferred to the converter output. Iout doubles its

value at the instant when the diodes switch in conduction

mode. Fig. 4 shows that the maximum value of iout is twice

the maximum inductor current and its minimum is equal to

the minimum inductor current. The AC component of iout
waveform is filtered by the output capacitor and the DC

component sets the output voltage applied across Rout.

If, instead of the resistance Rout, energy storage elements

are connected at the output, as in Fig. 1, the converter output

voltage is set by them, and iout represents the charging current.

However, the validity of the facts presented in this section is

preserved.
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TABLE 1. Comparison of SIHDC with other topologies.

The voltage conversion ratio, M , characteristic for

SIHDC operating in CCM, is obtained by applying the

voltage-second balance across one inductor:

D ·
Vin − Vout

2
+ (1 − D) · (−Vout) = 0, (1)

M =
Vout

Vin
=

D

2 − D
, D =

ton

T
. (2)

The duty cycle of S1 can be expressed by:

D = 2 ·
Vout

Vin + Vout
=

2 ·M

1 +M
. (3)

Equation (2) shows that the output voltage is always lower

than input voltage, SIHDC presented in Fig. 2 being a step-

down converter.

Due to the term (2-D) at the denominator, its voltage

conversion ratio is reduced up to two times in comparison

with a classical buck converter, which is an advantage of the

hybrid converter.

The following relations between the inductor current iL ,

switch current iS1 and input current Iin are obtained from

Fig. 4:

iL,avg =
iS1,avg

D
=
Iin

D
=
Vin + Vout

2 · Vout
· Iin =

1 +M

2 ·M
· Iin,

(4)

iS1,max = iL,max =
Iin

D
+
Vin − Vout

4L
· T · D. (5)

For the wind energy conversion system presented in Fig. 1,

Iin is the average value of the input current, whose waveform

is one specific to a rectified three-phase sinusoidal system.

Equations (4) and (5) allow the estimation of theworst-case

values for iL and iS1, necessary for power switch selection and

inductor design.

The voltage stresses of transistor and diodes are given by:

VS1 = Vin + Vout = Vin · (1 +M) , (6)

VD =
Vin + Vout

2
=
Vin · (1 +M)

2
. (7)

A comparison between SIHDC and other topologies,

including the classic buck converter, regarding the number

FIGURE 4. SIHDC current waveforms in steady-state CCM operation.

of active and passive components, the voltage conversion

ratio and the transistor maximum voltage stress, is presented

in Table 1. Each of these topologies has only one transistor

apart from the ID-ID, which contains two. ID, ID-ID and

H2SC are hybrid topologies as SIHDC. They incorporate

standard switched-capacitor/switched-inductor structures as

defined in [8]. FOSDC andBBwCCmake use of other passive

switching structures.

Apart from the other converters from Table 1, BBwCC has

also step-up capability. In addition, it allows the stacking of

multiple passive switching structures at the output. However,

only the one-stage topology is listed in the table because the

multiple-stages topologies have worsened characteristics in

regard to the application presented in this paper.

In comparison with buck converter, SIHDC has only two

additional components, which is the smallest number from all

the converters listed in Table 1.

The maximum voltage stress of S1 switch is always higher

for SIHDC than for buck and ID converters. The compari-

son between SIHDC and the other topologies in this aspect
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depends on the operating condition, through D. It can be

noted that for SIHDC, as the ratio between the output and

input voltages is decreasing, the contribution of Vout in the

S1 voltage stress is also decreasing, reducing the maximum

value of the voltage across S1.

Voltage conversion ratios of the converter listed in

Table 1 are plotted against D in Fig. 5. A topology with a

higher value of D at the given M has better performances

for the application presented in this paper. ID and BBwCC

converters have lower duty cycles than buck, therefore their

use is not convenient for WECS. ID-ID topology presents a

duty cycle comparablewith that of SIHDC at lowM , but it has

many additional components, including a second transistor.

H2SC converter has a higher D than SIHDC, but it needs six

more components. FOSDC topology can be a competitor of

SIHDC for low power WECS applications because it has a

higher D than SIHDC for M < 0.3. However, one diode and

one capacitor are additionally needed for FOSDC. Therefore,

for step-down applications which do not require a very high

decrease in the conversion ratio, the SIHDC is more suitable

due to the reduced number of components.

FIGURE 5. Voltage conversion ratios as function of the duty cycle D for
the converters listed in Table 1.

Using SIHDC instead of buck converter in the WECS

presented in Fig. 1 allows a significant increase in the duty

cycle. For M = 0.1 and M = 0.2, D is higher with 82%

and 66% respectively, for the hybrid converter. An increased

value of D can have a positive impact on the RMS transistor

current, as Table 2 shows. Considering that the two converters

operate at the sameM , required by the application, the RMS

current of SIHDC converter is 26% lower for M = 0.1

and 22% lower for M = 0.2. This reduction contributes

to the efficiency improvement, due to the decreasing of the

conduction losses.

On the other hand, the average transistor current is the same

for SIHDC and buck converters because it is equal to the

average input current, which sets the PMSG and wind turbine

operating points.

TABLE 2. RMS, average and peak transistor currents for SIHDC and buck
converters.

Regarding the peak value of the transistor current,

the reduction is much more pronounced than in the case of

the RMS current. The first term in each equation is half of the

inductor current ripple which is supposed to be comparable

in value for SIHDC and buck converters, being an inductor

design input expressed as a percent of the maximum current.

Therefore, considering only the second term for comparison,

the SIHDC transistor current peak value is reduced with 45%

for M = 0.1 and with 40% for M = 0.2. This significant

drop contributes to the efficiency improvement due to the

decrease of the transistor current values at switch-on and

switch-off moments which results in the switching losses

reduction. For lower values thanM = 0.1, even if the SIHDC

converter can be used (it has a duty cycle of 10% at M =

0.05), other converters can be more suitable, for example

FOSDC.

Even though SIHDC has two extra components, it is a

better alternative than buck converter for applications with

moderate to high voltage conversion ratio due to the advan-

tages mentioned above.

At the CCM limit, where the inductor current is zero

in only one point, the input current has the following

form:

Iin,lim=D2 ·
Vin−Vout

4L
·T =

(

Vout

Vin+Vout

)2

·
Vin−Vout

L
·T .

(8)

If the average input current falls below Iin,lim, the operation

switches to discontinuous current mode.

Using (8) and the prototype data presented in Table 3,

Section VI, the 3D surface presented in Fig. 6 was obtained

for Iin,lim, in Vin and Vout allowed ranges. There is a large

variation of Iin,lim, from less than 2A to more than 7A. The

highest value corresponds to the operating point with Vin =

400V, which means a significant power level is needed at the

converter input to assure CCM operation. In addition, Iin,lim
does not decrease bellow 6A, if Vin is in the range of 200V to

400V, and Vout is close to its maximum. Thus, the optimum

power point for PMSG can often require an Iin below the 3D

surface; therefore, the converter has to be able to sustain a

stable operation in both continuous and discontinuous current

modes.
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FIGURE 6. Value of Iin, at CCM limit, as function of Vin and Vout .

B. DISCONTINUOUS CURRENT MODE (DCM)

In DCM all the energy accumulated in inductors during ton is

transferred to the load when the transistor is off. There is also

a time interval with zero inductor current. The waveforms of

transistor current, inductor current and output current for a

typical situation of DCM are presented in Fig. 7.

FIGURE 7. SIHDC current waveforms in steady-state DCM operation.

The time interval in which S1 is off is divided in two parts:

in toff1 the inductor current is positive, and in toff2 it is zero.

The inductor current is greater than zero in tL = ton + toff1.

The duty cycle for DCM is given by the equation:

D =
ton

T
=

√

4 · L · Iin

T · (Vin − Vout )
. (9)

During operation in DCM, the duty cycle is automat-

ically controlled at the value expressed by (9), in which

instantaneous input and output voltages are imposed by appli-

cation, and the average input current is required by the wind

turbine maximum power point tracking (MPPT) algorithm.

The voltage conversion ratio for DCM, obtained from (9),

is:

MDCM =
Vout

Vin
= 1 −

4 · L · Iin

D2 · T · Vin
(10)

In addition, the following equations can be written:

iL,avg,on =
IL,max

2
=
iS1,max

2
=
Iin

D
, (11)

tL = ton + toff 1 =
Vin + Vout

2 · Vout
· D · T

=
1 +M

2 ·M
· D · T , (12)

iL,avg = iL,avg,on ·
tL

T
=
Vin + Vout

2 · Vout
· Iin

=
1 +M

2 ·M
· Iin, (13)

iS1,max = iL,max =
2 · Iin

D
. (14)

The average value of inductor current does not depend on

D but on Iin, Vin and Vout. The relation between iL,avg and Iin
is the same in CCM and DCM.

The transistor and diode stresses are given by the same

equations as for CCM.

IV. STABILITY ANALYSIS

In this section, the stability of the electrical subsystem is

investigated, in order to obtain the necessary information for

current controller design, which guarantees the absence of

oscillations in the controlled current.

The WECS system contains two frequency-separated sub-

systems: the wind turbine (the mechanical subsystem) with

a slow time constant, and the electric subsystem with a fast

time constant. Therefore, under normal operating conditions,

the mechanical subsystem has practically no influence on the

electric subsystem.

The converter input current is regulated by a controller with

the current reference given by aMPPTmethod. The controller

has to provide stability for any PMSG loading condition.

For the stability analysis two methods were employed

to obtain the equivalent average model of the converter:

(i) an analytical method, the State Space Averaging Method

- SSA, and (ii) a circuit method based on the PWM switch

model (PWMSM), which was implemented in a SPICE like

simulator.

The SSAmethod can be applied conveniently for the CCM

case. Its application in DCM is not suitable because it is

necessary to take into consideration the additional state that

appears in DCM, and thus a completely different equivalent

average model of the converter is obtained for DCM.

Moreover, a comparison made between SSA and PWMSM

methods in the case of a converter stability analysis presented

in the literature [28] revealed that the PWMSM method
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detected a dynamic phenomenon - whose manifestation was

experimentally demonstrated - which did not appear in the

frequency characteristic obtained through the SSA method.

In addition, regarding the PWM switch model, the same

equivalent average model can be used for CCM and DCM.

It can be used even if the reference value of the controlled

variable changes in the simulation model in a way that deter-

mines the transition from one mode to the other. Considering

these aspects, PWMSM method could have advantages over

SSA method. However, it needs to be checked against SSA,

due to the reason explained in section IV B.

On the other hand, the SSA method has the advantage

that it can be used to obtain a parameterized (analytical)

small-signal transfer function of the control variable for

CCM, which can be quickly customized for any similar

WECS, and then employed for stability assessment and cur-

rent controller design.

A. STATE SPACE AVERAGING (SSA) METHOD

SSA is a classical analytical method used for stability anal-

ysis [27] for switching power converters. It is based on a

continuous-time, average mathematical model of the con-

verter, in which all the operating states of a switching period

contribute in a weighted way, depending on the time interval

for each state.

In this section, SSAmethod is used to determine the equiv-

alent average model for steady-state converter operation in

CCM. This model is then employed for stability assessment.

To apply this method for the system presented in Fig. 1,

however, it is not sufficient to consider only the circuit model

of the converter, as it is usually done. The circuit model of

PMSG has to be taken into account also, because inductances

of the three phases have a relevant impact on the stability.

FIGURE 8. Schematic for stability analysis, that contains the SIHDC
converter with parasitic elements and a DC equivalent model of PMSG.

The schematic shown in Fig. 8 is adapted to obtain the

small-signal transfer functions, which determines the system

stability. The assembly comprising the electric generator and

the diode bridge from Fig. 1, used to supply the converter, was

replaced by a DC equivalent model, containing the voltage

source Vg, the equivalent inductance Lg and the equivalent

resistance rLg.

During operation, depending on the wind speed, Vg varies

between 130V and 400V. The values of Lg and rLg compo-

nents, which have an important influence on the system fre-

quency behavior, were calculated from the PMSG parameters

determined by experimental methods (Lg = 30mH; rLg =

0.95�).

It was found through analytical investigation that SIHDC

output capacitor, Cout, and its equivalent series resistance

rCout have insignificant influence on stability, due to the very

high value of the supercapacitor capacitance CS. Moreover,

the influence of the supercapacitor parasitic resistance can be

neglected.

The following hypotheses are considered valid for stability

analysis:

(a) The power switching devices S1, D1 and D2 are ideal;

(b) Vg and Vout (VCs) have constant values during one

switching period T ;

(c) L1 and L2 have equal inductance values, and the series

resistances rL1 and rL2 are also equal;

(d) Cin has an equivalent series resistance rCin.

There are three state variables, defined in the following

way:

• x1 - the current through Lg, which is also the converter

input current, Iin;

• x2 - the voltage across Cin;

• x3 - the current through L1; x3 is also equal to L2 current

because L1 = L2.

FIGURE 9. Equivalent circuits, derived from Fig. 8, used to obtain the
equivalent average model through SSA method: a) for ton; b) for toff .

Fig. 9 presents the equivalent system circuits derived from

Fig. 8, for the two S1 states. The first circuit is valid for ton =

D · T , the second one for toff = (1 − D) · T .

The state and output equations for ton and the matrices

representing the equation system are given in (15)-(17). The

following notations are used: L = L1 = L2 and rL = rL1 =

rL2. The control variable, which is also the output of the

state-space model (y), is the S1 switch current. In ton time

interval, the current through S1 switch is equal to the inductor

L1 current.

ẋ = A1 · x + B1 · u, x =





x1
x2
x3



 =





iLg
vCin
iL



 ,

u =

[

Vg
VCs

]

(15)
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A1 =















−
rLg + rCin

Lg
−

1

Lg

rCin

Lg
1

Cin
0 −

1

Cin
rCin

2L

1

2L
−
rCin + 2rL

2L















,

B1 =









1

Lg
0

0

0

0

−
1

2L









(16)

y = x3 = C1 · x, C1 =
[

0 0 1
]

(17)

During toff, the transistor current is zero. The state-space

equations are:

ẋ = A2 · x + B2 · u, (18)

A2 =













−
rLg + rCin

Lg
−

1

Lg
0

1

Cin
0 0

0 0 −
rL

L













,

B2 =









1

Lg
0

0

0

0

−
1

L









, (19)

y = 0 = C2 · x, C2 =
[

0 0 0
]

. (20)

According to SSAmethod, the continuous-time, equivalent

average model of the system is given by:
{

ẋ = A · x + B · u

y = C · x
, (21)

where matrices A, B and C are obtained from Ai, Bi and Ci,

i = 1, 2, through a weighted summation:

A = A1 · D+ A2 · (1 − D) , (22)

A =















−
rLg + rCin

Lg
−

1

Lg

rCin

Lg
· D

1

Cin
0 −

1

Cin
· D

rCin

2L
· D

D

2L
−
2rL + rCin · D

2L















,

(23)

B = B1 · D+ B2 · (1 − D) =









1

Lg
0

0

0

0

−
2 − D

2L









, (24)

C = C1 · D+ C2 · (1 − D) =
[

0 0 D
]

. (25)

For the state-space equation system (21)-(25) of the equiv-

alent average model, the small-signal transfer function of the

output variable y [27] is:

ỹ(s)

d̃(s)
=

ĩS1

d̃(s)
=C ·[s · I−A]−1 ·[(A1−A2) · X0 + (B1 − B2).u]

+(C1 − C2) · X0 (26)

FIGURE 10. Bode diagrams of ĩS1
(s)/d̃ (s) small-signal transfer function

for SIHDC supplied: by a DC voltage source, and by PMSG in WECS. CCM
operating point: ILg = 10A; Vg = 300V; VCs = 60V.

where

X0 = −

(

A−1 · B
)

· u (27)

represents the steady-state operating point for which the sta-

bility is evaluated, and ĩS1 and d̃ are the small variations of

iS1 and d .

Equation (26) can be written as:

GP(s) =
ỹ(s)

d̃(s)
=
ĩS1(s)

d̃(s)
=
a3s

3 + a2s
2 + a1s+ a0

b3s3 + b2s2 + b1s+ b0
(28)

The coefficients from (28) were obtained based on the

terms of the calculation results given by a symbolic mathe-

matics package. Afterwards, these terms were grouped and

simplified. Coefficients a0 to a3 and b0 to b3, whose expres-

sions are given in Appendix, are functions of the duty cycle

D (that is present at different powers) and all the elements

from Fig. 9: component values - including those of the PMSG

DC equivalent model -, parasitic elements and the input and

output voltages.

Equation (28), together with the equations of the coeffi-

cients, form a parameterized small-signal transfer function of

the controlled variable (iS1) that can be used for any similar

WECS, to quickly obtain the particularized transfer function,

base on which the stability of the system is evaluated.

To highlight the influence of the PMSG DC equivalent

model on ĩS1 (s) /d̃(s) small-signal transfer function, its Bode

diagram is represented in Fig. 10 in two situations, for the

same operating point (ILg = 10A; Vg = 300V; VCs = 60V).

If the converter is supplied by a DC voltage source,

the Bode diagram is the one plotted with continuous line.

Actually, this represents the own SIHDC transfer function

when the control variable is the average value of the transistor

current. The converter equivalent average model is obtained

from the system model described above, by removing: the

first row and the first column from A1 and A2 matrixes,
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the first row from B1 and B2 matrixes, and the first element

from C1 and C2 vectors.

If SIHDC is supplied by PMSG as in Fig. 1 and Fig. 8, the

Bode diagram follows the dashed line. Important differences

between the two diagrams can be noted in low frequency

range, as is expected due to the Lg impact. Comparable dis-

similarities were noticed for other operating points in CCM.

The Bode diagrams of the WECS small-signal transfer

function ĩS1 (s) /d̃(s)(ỹ (s) /d̃(s)) for three operating points

(ILg = 10A; Vg = 130, 250, 400V; VCs = 60V) are

presented in Fig. 11.

FIGURE 11. Bode diagrams of ĩS1
(s)/d̃ (s) small-signal transfer function

for SIHDC supplied: by a DC voltage source, and by PMSG in WECS. CCM
operating point: ILg = 10A; Vg = 130, 250, 400V; VCs = 60V.

The magnitude is influenced by Vg at low frequencies, and

the phase curve is affected by Vg variations in the frequency

range [101, 102] Hz. Contrarily, in [102, 103] Hz interval,

the magnitude and phase are almost insensitive to Vg change.

This behavior was also noted for the other two variables

which determine the steady-state operating point, ILg and

VCs. Consequently, if the SIHDC controller is designed for

a cutoff frequency between 102Hz and 103Hz, the stability is

not compromised by the change of the operating point.

B. PWM SWITCH MODEL (PWMSM) METHOD

This method was proposed in the literature as a way to obtain

the equivalent average model of a power converter using a

general-purpose electronic circuit simulation software like

SPICE.

The non-linearity is treated exactly where it appears in

the circuit, not globally as in the case of SSA method. The

number of power transistors in the circuit must be equal to

that of diodes, because a PWMSwitch model is an equivalent

average model for a transistor/diode pair.

Therefore, in order to use PWMSM for SIHDC, a transistor

should be introduced in the circuit, with the constraint that

nothing will be changed in the converter operation, wave-

forms and theory. The appropriate position for this insertion

is in the bottom part of the schematic. The new circuit is

presented in Fig. 12, already prepared for application of

the PWMSM method. S1 and S2 power switches are driven

synchronously to guarantee the equivalence with the original

schematic.

FIGURE 12. Equivalent average model based on the PWM switch model.

FIGURE 13. Bode diagrams of the WECS small-signal transfer function
ĩS1

(s)/d̃ (s), for CCM (ILg = 10A, Vg = 300V, VCs = 60V) and DCM (ILg = 2A,

Vg = 300V, VCs = 60V), obtained through SSA and PWMSM methods.

Fig. 13 shows the Bode diagram of theWECS small-signal

transfer function ĩS1 (s) /d̃(s) obtained in SPICE using the

model from Fig. 12. The special procedure used for this

purpose is presented in [28]. The SSA Bode diagram for

the same operating point in CCM is also given, in order to

compare the two results. As can be seen, there is a small

difference between the plots, which means that the SPICE

model based on PWMSM can be used with confidence.

One advantage of the PWMSM method implemented in

SPICE is that the same simulation model can be used for

CCM or DCM. Moreover, smooth transition between CCM

and DCM can be assured in transient simulations [28]. The

third Bode diagram shown in Fig. 13 was obtained for a DCM

operating point (ILg = 2A; Vg = 300V; VCs = 60V).

For DCM operation, as opposed to CCM operation,

the Bode diagrams of SIHDC and WECS small-signal trans-

fer functions show irrelevant differences at all frequencies,

as Fig. 14 shows.
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FIGURE 14. Bode diagrams of ĩS1
(s)/d̃ (s) small-signal transfer function

for SIHDC supplied: by a DC voltage source, and by PMSG in WECS. DCM
operating point: ILg = 2A, Vg = 300V, VCs = 60V.

Combining the information obtained through SSA and

PWMSM methods, the current controller can be designed

and subsequently the WECS stability can be verified for any

operating condition, CCM or DCM.

C. CONTROLLER DESIGN

The current controller was designed according to the K factor

method [29] , starting from the Bode plots of the control

variable in CCM, presented in Fig. 11 and Fig. 13. The

stability was then checked for DCM.

The following controller transfer function provides a phase

margin of PM = 70◦ at the cutting frequency fc = 1kHz:

Gc (s) = kc ·
1 + s

ωz

s ·

(

1 + s
ωp

) , (29)

where:

kc = 1540; ωz = 2610 rad/s;

ωp = 15150 rad/s. (30)

With Gc(s) expressed by (29) and (30) introduced in the

system, the Bode diagrams of the overall open-loop small-

signal transfer function for two operating points, in CCM and

DCM respectively, look as in Fig. 15.

In CCM the phase margin of 70◦ for fc = 1kHz is con-

firmed. What is interesting to note in DCM is the shifting of

fc from 1kHz to 100Hz, which together with a phase margin

of 100◦ means a much slower response in iS1 average current

settling than for CCM (not a problem for WECS application,

due to the slow time constant of the mechanical subsystem).

The stability is preserved in DCM, which is absolutely

necessary.

V. SIHDC EFFICIENCY

The losses in power switching devices were calculated

employing the measured data provided in transistor and

FIGURE 15. Bode diagrams of the open-loop small-signal transfer
function for the system with controller, for two operating points: ILg =

10A, Vg = 300V, VCs = 60V (CCM) and ILg = 2A, Vg = 300V, VCs = 60V
(DCM).

diode datasheets (static characteristics, turn-on and turn-off

energies, temperature influence, etc.). The types of power

switching devices used for SIHDC prototype construction

and the external gate resistance, RG, which has influence on

S1 switching losses, are listed in Table 3, Section VI.

The conduction losses in transistor, averaged for one

switching period, were calculated using the following

equation:

Pcond,S1 =
1

T
·

∫

ton

vCE (t) · iS1 (t) · dt

=
1

T
·

∫

ton

VCE0 · iS1 (t) · dt +
1

T
·

∫

ton

rCE · i2S1 (t) · dt

= VCE0 · IS1,avg + rCE · I2S1,RMS . (31)

In (31), the voltage across S1 during conduction was mod-

eled using the standard approach: the collector-emitter thresh-

old voltage, VCE0, in series with the dynamic resistance, rCE .

VCE0 and rCE were extracted from the transistor static char-

acteristic curve presented in the datasheet. The average and

RMS values were calculated for each operating point used in

efficiency evaluation, starting from S1 current waveform.

Transistor switching losses, averaged for one switching

period, were obtained through the equation:

Psw,S1 =
(

Eon,S1 + Eoff ,S1
)

· fs. (32)

The turn-on and turn-off energies, Eon,S1 and Eoff ,S1 , for

each operating point, were estimated by scaling the data given

in datasheet. The peak of the collector current determined at

transistor switch-on by the diode reverse recovery current was

taken into account when calculating the switching losses.

Pcond,S1 and Psw,S1 were added together to obtain the total

transistor losses.
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FIGURE 16. Distribution of power losses at four input power levels, for
Vin = 130V, 250V, 400V.

The conduction losses of one diode, averaged for one

switching period, were computed by using the equation:

Pcond,D1
= VD0 · ID1,avg + rD · I2D1,RMS

. (33)

The threshold voltage, VD0, and the dynamic resistance,

rD, were extracted from the diode static characteristic curve

plotted in the datasheet.

The diode switching losses during the turn-on process were

neglected, therefore only the turn-off energy was considered:

Psw,D1
= Eoff ,D1

· fs. (34)

The turn-off energy, Eoff ,D1
, was estimating for each oper-

ating point, by scaling the data from the datasheet.

The values obtained by (33) and (34) for one operating

point were added to get the total power losses of one diode

at that point.

The power losses in one inductor have two main com-

ponents, Pres,L1 and Pcore,L1 . The loss in the inductor series

resistance was calculated by:

Pres,L1 = rL · I2L1,RMS , (35)

where rL is the measured DC resistance of the inductor, given

in Table 3, Section VI.

The specific core loss, expressed in W/kg for the alloy

used to make the inductors, was calculated using the original

Steinmetz equation:

Pspec,core,L1 = k · f α ·

(

1B

2

)β

. (36)

Although modified variants of this equation have been

developed, that are affected by smaller errors at high or

low duty cycle values, the original equation does not show

significant errors for 0.2 < D< 0.8 [30]. Only one operating

point, out of the 30 where efficiency was calculated, had a

FIGURE 17. SIHDC efficiency as function of the input power, for Vin =

130V, 250V, 400V.

FIGURE 18. SIHDC prototype, mounted in an electrical enclosure together
with electrical installation equipment, used for WECS testing in laboratory.

duty cycle outside this range. Therefore, it can be considered

that the specific core loss was correctly estimated.

In (36), the frequency is expressed in kHz. The AC compo-

nent of B was calculated for each operating point. The values

provided in the datasheet of the core material were used for

the coefficients. They are:

k = 6.5; α = 1.51; β = 1.74. (37)

The core losses, Pcore,L1 , was evaluated by multiplying the

specific core loss by the core mass, taken from the datasheet.

The power losses in the input and output capacitors, were

obtained by using the equation:

PC = RC,ESR · I2C,RMS . (38)

The values of the equivalent series resistances are listed in

Table 3, Section VI. The RMS current value was calculated

based on the actual waveform, as with all other components.

Distribution of power losses at four input power levels,

for Vin = 130V, 250V and 400V, is presented in Fig. 16.
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TABLE 3. SIHDC prototype data.

TABLE 4. Wind turbine and PMSG data.

Fig. 17 presents the SIHDC efficiency curves for Vin = 130V,

250V and 400V.

The input power was chosen as a reference for efficiency

evaluation, because the converter controls the input current

(and implicitly the power). Therefore, the efficiency was

calculated by:

η =
Pin − Ploss,tot

Pin
. (39)

FIGURE 19. Key waveforms for steady-state CCM operation (Iin = 7A,
Vin = 190V, Vout = 60V). Left: simulation data; right: experimental data
acquired in laboratory. a) Inductor current; b) output current before the
output capacitor; c) transistor current; d) input current (PMSG rectified
current).

Total power losses, Ploss,tot , were obtained by summing all

the loss components described above.

Regarding the power losses distribution, one fact clearly

observed in Fig. 16 is the increasing of the diode conduction

losses and the decreasing of the transistor conduction losses

with the input voltage increasing. One the other hand, both

diode and transistor switching losses rise at higher input

voltage.

The SIHDC efficiency has a peak value above 96%, it is

over 95% for half of the power range and it is greater than

94% for Pin > 1kW, which makes this converter an advanta-

geous choice for the WECS application.

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. LABORATORY TESTS

A SIHDC prototype, shown in Fig. 18, was built based on

the information presented in previous sections. The prototype
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FIGURE 20. Key waveforms for steady-state DCM operation (Iin = 1.8A,
Vin = 190V, Vout = 60V). Left: simulation data; right: experimental data
acquired in laboratory. a) Inductor current; b) output current before the
output capacitor; c) transistor current; d) input current (PMSG rectified
current).

data are listed in Table 3. The main data of the wind turbine

and PMSG included in the WECS are listed in VI-B. For

laboratory testing, SIHDC input power is provided by a wind

turbine emulator, comprised of an induction motor driven by

a direct torque control frequency converter (for instantaneous

control of speed and torque) and a PMSG identical with the

generator used at the location where the real wind turbine was

placed.

Fig. 19 presents the key waveforms, obtained both through

simulation and through data acquisition from the prototype,

in steady-state CCM operation, with Iin = 7A, Vin = 190V,

Vout = 60V, at SIHDC input and output.

A good correspondence with the theoretical waveforms

shown in Fig. 4 can be noticed for iL, iS1 and iout.

Input current iin waveform, Fig. 19 d), is one specific

for a three-phase rectified current. Although iin frequency

FIGURE 21. System response to a step change in iS1 average current
reference. IS1,ref = 3 to 9A, Vin = 160V, Vout = 60V.

is much lower than the switching frequency, in steady-state

operation its average value is equal to the mean value of the

switch current iS1. An important fact was noted, that even

in the case of a light imbalance (10%-15%) of the PMSG

phase inductances, which causes unequal phase currents as

Fig. 19 shows, the average current value is kept constant.

The same waveforms are shown in Fig. 20 for steady-state

DCM operation, with Iin = 1.8A, Vin = 190V, Vout = 60V.

The comments on the CCM case are valid in this case as well.

The effect on iin, of a step change in iS1 average current ref-

erence is exemplified in Fig. 21. The filter formed by PMSG

phase inductances and Cin causes latency in iin waveform.

In 300 ms the input current is settled at the new value. Given

the slow wind turbine dynamics, this value is acceptable for

WECS application. The inductor current and iS1 (iS1 = iL
during ton) are changing much quickly, as expected.

B. TESTING IN REAL OPERATING CONDITIONS

Real conditions testing was done on a WECS identic with

that tested in laboratory, but the generator was mechanically

connected to a 5kW wind turbine, mounted at a top of a 15m

tower. A picture of the place where the turbine and WECS

are located is presented in Fig. 22. The wind turbine control

system includes a fuzzy logic based MPPT algorithm similar

to that presented in [29].

Fig. 23 gives a few selected WECS data, acquired through

the local SCADA system. Iin current is controlled by SIHDC

to keep the wind turbine in the maximum power point at each

moment. An industrial programmable logic controller (PLC)

was used to measure the relevant physical quantities, to cal-

culate the Iin reference current, to coordinate the circuit

protection devices and to connect additional loads if the

supercapacitor voltage (Vout) is too high (Loads Control block

from Fig. 1 is implemented in PLC).

A scenario for SC voltage control is illustrated in Fig. 24.

A sustained high, or relatively high, input power in the case
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FIGURE 22. Wind turbine photo. SIHDC is installed inside the metallic
container located behind the tower.

FIGURE 23. Experimental data obtained in real operating conditions.
a) Wind speed; b) SIHDC input power; c) SIHDC input voltage; d) SIHDC
input current.

of low total power consumption (loads and battery charging)

leads to the increasing of the SC voltage up to 90V, which is

one of the voltage control levels used in PLC. An additional

load is connected at 90 V and the SC voltage decreases to

70 V, the control level used for load disconnection. After

the additional load is disconnected, the SC voltage increases

again to 90V, if the input power continues to be higher

than the total consumed power. In this way, all the power

provided by wind turbine can be converted and used to feed

dc and ac loads. When the input power does not exceed the

FIGURE 24. A scenario for SC voltage control. Experimental data obtained
in real operating conditions. a) SIHDC input power; b) SIHDC input
current; c) SIHDC output voltage (SC voltage).

consumption demand, the output voltage of SIHDC is main-

tained at 60V by the DC battery charger, directly connected

to SC.

The WECS was monitored through the local SCADA sys-

tem, and the theoretical analysis and laboratory tests results

were confirmed.

VII. CONCLUSION

In a small power WECS with hybrid energy storage, the inte-

grated step-down SIHDC is suitable for controlling the output

power of the electric generator through converter average

input current, in order to maintain the operation at the maxi-

mum power point.

The steady-state analysis for CCM and DCM specific

for this application, reveals the relation between the con-

verter average input current, the transistor and inductor cur-

rents, used for transistor selection and inductor design. For

steady-state operation in CCM, the converter is running at

a duty cycle which is up to two times higher than that of

the classical buck converter operating with the same voltage

conversion ratio. For steady-state operation in DCM the duty

cycle can be calculated by a simple formula, if the required

average value of the input current is given.

Stability analysis is presented in detail. The influence of the

three-phase PMSG on the stability, very important in WECS

application, is taken into consideration through a DC equiv-

alent model. SSA method is used to obtain the continuous-

time, equivalent average model, of the system for CCM.

The parameterized analytical expression of the small-signal
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transfer function of the control variable described in this

paper can be quickly particularized for any similar WECS,

and then used for system stability assessment. The results

obtained through SSA were checked against the results given

by the stability analysis method based on PWM Switch

Model, which can be used in both continuous and discontin-

uous operating modes.

SIHDC current controller was designed for stable oper-

ation in CCM and afterwards the stability was checked in

DCM, using small-signal transfer function Bode diagrams of

the equivalent average models. A shifting down of the cutting

frequency was noted in DCM, resulting in a slower response

at light wind turbine power. The stability of the system was

preserved in DCM, with better phase margin than in CCM.

A 5kW SIHDC prototype was built and then tested in

laboratory and in the field. Laboratory tests, performed on

a WECS powered by a wind turbine emulator, proved that

SIHDC is able to control the PMSG output power and the

operation is stable in both CCM and DCM. Experimental

data obtained in real operating conditions from a 5kW wind

turbine WECS monitored over an extended time period con-

firmed the theoretical analysis and the laboratory tests.

APPENDIX

The numerator and denominator coefficients of the small-

signal transfer function from (28) are:

a0 = (rCin − rLg)
2 · D4 − 2rCin · (rCin − rLg) · D3

+ (r2Cin − 4 · rL · (rCin − rLg)) · D2

+ 4 · rCin · rL · D+ 4 · r2L

a1 = −(Lg − Cin · r2Cin) · (rCin − rLg) · D4

− (Cin · rCin · (rCin + rLg) · (rCin − rLg) − rCin

· (Lg − Cin · r2Cin)) · D3

+ (Cin · r2Cin · (rCin + rLg) − 2 · (rCin − rLg)

· (L + Cin · rL · (rCin + rLg))) · D2

+ 2 · rL · (Lg − Cin · r2Cin) · D2

+ (2 · Cin · rCin · rL · (rCin + rLg) + 2 · rCin

· (L + Cin · rL · (rCin + rLg))) · D

+ 4 · rL · (L + Cin · rL · (rCin + rLg ))

a2 = −Cin · Lg · rCin · (rCin − rLg) · D3

+Cin · (Lg · r2Cin − 2 · (rCin − rLg)

· (L · (rCin + rLg) + Lg · rL)) · D2

+ 2 · Cin · rCin

· ((L · (rCin + rLg) + Lg · rL) + Lg · rL) · D

+ 4 · Cin · rL · (L · (rCin + rLg) + Lg · rL)

a3 = 2 · Cin · L · Lg · ((rLg − rCin) · D2 + rCin · D+ 2 · rL)

b0 = (rCin · (Vg − VCs) + 2 · rLg · VCs) · D2

+ 4 · rL · (Vg + VCs) · D− 4 · rL · VCs

b1 = Cin · (r2Cin · (Vg − VCs) + 2 · VCs · r2Lg + rCin · rLg

· (Vg + VCs)) · D2

+ 2 · (2 · Cin · rCin · rL + 2 · Cin · rL · rLg + L)

· (Vg + VCs) · D

− 4 · (Cin · rL(rCin + rLg) + L) · VCs

b2 = Cin · Lg · (rCin

· (Vg − VCs) + 2 · rLg · VCs) · D2

+ 2 · Cin · (L · rCin + L · rLg + 2 · Lg · rL)

· (Vg + VCs) · D

− 4 · Cin · (L · (rCin + rLg) + Lg · rL) · VCs

b3 = 2 · Cin · L · Lg · ((Vg + VCs) · D− 2 · VCs)
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