
2168-6777 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JESTPE.2015.2460334, IEEE Journal of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 1 

 

Abstract—The use of ex-transportation battery system (i.e. 

second life EV/HEV batteries) in grid applications is an emerging 

field of study. A hybrid battery scheme offers a more practical 

approach in second life battery energy storage systems because 

battery modules could be from different sources/ vehicle 

manufacturers depending on the second life supply chain and 

have different characteristics e.g. voltage levels, maximum 

capacity and also different levels of degradations. Recent 

research studies have suggested a dc-side modular multilevel 

converter topology to integrate these hybrid batteries to a grid-tie 

inverter. Depending on the battery module characteristics, the 

dc-side modular converter can adopt different modes such as 

boost, buck or boost-buck to suitably transfer the power from 

battery to the grid. These modes have different switching 

techniques, control range, different efficiencies, which give a 

system designer choice on operational mode. This paper presents 

an analysis and comparative study of all the modes of the 

converter along with their switching performances in detail to 

understand the relative advantages and disadvantages of each 

mode to help to select the suitable converter mode. Detailed study 

of all the converter modes and thorough experimental results 

based on a multi-modular converter prototype based on hybrid 

batteries has been presented to validate the analysis.      

 
Index Terms— Second life battery energy storage systems 

(SLBESS), hybrid battery energy storage system (HBESS), boost-

multilevel buck converter, multiple battery types, comparison     
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module 

Ibatt,i Steady state current of i
th

 battery module A 

vdc,i           Instantaneous capacitor voltage of i
th

 

module  

V 

Vdc,i Steady state module dc-link voltage of i
th

 

module 

V 

vdc,i 
*
 Instantaneous capacitor voltage reference 

of i
th

 module                                                  

V 

Vdc Steady state total DC-link capacitor 

voltage                                                               

V 

vdc Instantaneous inverter dc-link capacitor 

voltage  

V 

v
*
dc       Instantaneous total DC-link capacitor 

voltage reference                                                

V 

Idc Steady state DC-link current                                                                   A 

idc Instantaneous common DC-link current  A 

ic,i Instantaneous capacitor current of the i
th

 

converter module 

A 

idc,i Instantaneous DC-link current of the i
th

 

converter module 

A 

di Instantaneous duty cycle of i
th

 boost 

converter module 

 

di i            Instantaneous duty cycle of i
th

 buck 

converter module 

 

dav Instantaneous overall duty cycle of the 

multilevel buck converter  

 

Di Average duty cycle of i
th

 boost converter 

module 

 

Dii Average duty cycle of i
th

 buck converter 

module 

 

dmax,i Maximum duty cycle of i
th

 converter 

module  

 

C  Module dc-link capacitance                                                                     F 

L Module boost inductance                                                                        H 

Rds(on)      On-state resistance of the semi-conductor 

devices per module                                                         

Ω 

RLdc Leakage resistance of the dc-link inductor  Ω 

RL Leakage resistance of the module boost 

inductor 

Ω 

vsw Maximum switch voltage rating of a dc-

dc module 

V 

Qmax,i      Maximum charge (capacity) of i
th

 module                                         C 

SOC0,i     Initial state-of-charge of i
th

 battery 

module                                             

p.u. 

SOCi Instantaneous state-of-charge of i
th

 battery 

module                                 

p.u. 

OCV0,i Initial open circuit voltage of i
th

 module  V 

OCVi Instantaneous open circuit voltage of i
th

 

module  

V 
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I. INTRODUCTION    

here are significant interests in industry (e.g. ABB with 

GM, Sumitomo Corporation with Nissan) [1] – [2] and 

academia in re-using ex-transportation batteries in the grid 

system as a cost-effective alternative to existing off-the-shelf 

battery energy storage systems (BESS) [3] – [5]. Reference [1] 

discusses about the possibility of using electric car (batteries 

inside the car) as a domestic energy storage system and [2] 

discusses about the possibility of cost-reduction using second 

life batteries. A recent study [6] has reported that there will be 

a substantial supply of these second life batteries as the 

number of electric/hybrid vehicle grows from 2020’s. The 

supply of these batteries could be from different sources, e.g. 

the same manufacturer but different vehicles (Electric 

cars/Bus or motorbike) or different manufacturers. As a result, 

second life batteries could have different nominal voltages 

(12V, 48V or 200V etc.) and capacities (1kWh – 100kWh) 

depending on vehicles even if they are of the same chemistry.   

  The likely recycling route for ex-transportation batteries is 

that the vehicles will be returned to the manufacturer and they 

will supply the batteries directly or pass the batteries through 

contracts to a battery re-cycler. The battery will be stripped 

down into sub-modules and be tested before being leased or 

sold on for a second life application. It is impractical to strip 

the batteries down to cell level, however, within a vehicle 

there are likely to be modularized units which the battery can 

easily be reduced into. These sub modules will be minimally 

tested and sorted at the recycler or manufacturer before being 

sent on for a second life application.  

   In order to address challenges in integrating these second 

life batteries to the grid system modular power electronic 

converters are preferred [7] – [9] because this type of 

converters provides a better reliability and flexibility 

compared to traditional two level designs. Previous research 

on modular BESS considered the same type of batteries and 

focused mainly on high power, medium voltage grid systems 

(e.g. > 100kW around 3.3kV/6.6kV) [10] – [13]. The reason 

modular topology research studies have concentrated in large 

scale installations is the lack of availability of the high 

voltage, high frequency, efficient semi-conductor devices. 

Increased attention was paid in developing state-of-charge 

(SOC) balance control within the modular converter using 

equal module size [13] – [15]. This type of balancing control 

is justifiable when the same type of sources with similar 

characteristics is present. Predominantly cascaded multilevel 

converter (CMC) and modular multilevel converters (MMC) 

are used in those studies.  Some of the recent studies have 

used hybrid cascaded converters using the same type of 

battery system such as described in [16]. The multilevel dc-

link voltage with an output H-bridge module was used. All 

these types of converters are pre-dominantly buck type and 

demand the overall dc-side voltage is higher than the ac-side 

voltage for suitable power transfer. However, they cannot be 

used for low voltage batteries unless a very high number of 

modules is employed which increases the cost and control 

complexity. 

   On the other hand, previous research studies on energy 

storage systems (ESS) or hybrid energy storage system 

(HESS) e.g. battery with super-capacitors [17] – [18], battery 

with PV/wind or fuel cells [19] – [21] have pre-dominantly 

used a single battery bank with a dc-dc boost converter, multi-

port dc-dc converter [22] or sometimes directly in parallel to 

the inverter dc-link [23]. The primary focus of these research 

studies was in developing grid-side energy management 

strategies. There are some applications which use dual inverter 

based schemes, e.g. [24] where the energy storage element 

was directly integrated across the dc-link. Moreover, parallel 

multilevel dc-link converters were also employed for the 

integration of battery and super-capacitor cells together as 

shown in [25] similar to [16]. The principle concept was based 

on multilevel dc-link voltage with H-bridge module at the grid 

side without the bulky dc-link capacitor. However, the major 

drawback of this multilevel dc-link topology are: a) the lack of 

centralized dc-link which is often desired for energy storage or 

micro-grid applications to supply dc-loads and other dc energy 

sources, b) demands high number of cells or energy storage 

elements just to meet the voltage levels and c) four high 

voltage semiconductors are required at the grid side depending 

on the total dc-side voltage. These research studies can be 

categorized in two groups: a) boost type where a low voltage 

(<400V) battery bank is used and b) a buck type where a high 

voltage battery (> 600V) is available. There are only a few 

recent research studies which have considered multiple battery 

types within an energy storage system to optimize the system 

cost and volume as shown in [26] – [28]. However, they do 

not focus on the converter side or power electronic design 

challenges in integrating hybrid batteries together.    

   Integration of widely different battery types within a grid-tie 

converter has not been explored much in the literature. This is 

perceived to be an important challenge in second life battery 

applications because the battery availability especially at early 

stages depends very much on the supply chain feed through 

where a boost or buck type modular converter on its own may 

not be sufficient. Moreover, the presence of hybrid batteries 

within an ESS provides the opportunity to optimize the system 

and also provides additional flexibilities. To address this, a 

generalised boost-buck type of dc-side modular converter 

using different battery modules was described in [29] as 

shown in Fig.  1. Within ref [29], the operation of a new 

boost-buck mode with its associated control structure for 

hybrid battery integration was described and an experimental 

study showing feasibility was undertaken under a couple of 

different operating conditions.   

  However, no detailed description of other operating modes 

and practical considerations around switching performance 

and efficiency although alluded to were not quantified or 

compared.  Different operational modes have different 

characteristics for example; operational envelope, voltage and 

current ripple on each module, power losses/efficiency and 

control ranges. This influences the reliability as well as the 

overall performance of the system.  This paper aims to expand 

upon this work to quantify and compare these key 

characteristics to establish a universal dc-side modular 

converter topology.    

  Therefore, the paper contributes in following areas: 

a) Quantifying switching performances of all the converter 

modes of operation by deriving the expressions of voltage 

ripple, current ripple in the module inductor and capacitor 

and comparing these to measured values where practical; 

T  
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Fig.  1 Modular boost-multilevel buck topology for hybrid battery application and its switching combination 

b) Comparing the converter control ranges, control method 

and inherent design complexity;  

c) Quantifying the efficiency of the converter under different 

operational modes and comparing these to measured 

values where practical;  

Finally, the analytical studies have been validated using a 

scale-down multi-modular hybrid battery energy storage 

system prototype by running in different modes under grid 

connected conditions.    

II. MODULAR CONVERTER TOPOLOGY AND ITS DIFFERENT 

MODES 

A Modular converter system is recommended for this 

application in [7] – [8] from a reliability and cost point of 

view.  A suitable topology was proposed in [29]. Three 

operational modes are possible in the converter shown in Fig.  

1. It can be seen that the converter is capable of integrating a 

wide range of battery voltages. These operational modes are: 

a) boost mode where module switches Si, Sii operates in PWM 

mode while Ti is kept ON and Tii is OFF ∀i = 1… n similar to 

[30] – [32], b) buck mode where Ti, Tii operates in PWM while 

Si is kept OFF and Sii is ON ∀i = 1… n similar to [33] and c) 

boost- buck mode where Si, Sii and Ti, Tii can all operate in 

PWM mode, ∀i = 1… n or some of the Sj, Sjj operates in idle 

mode ∀i ≠ j depending on set of batteries which offers an 

additional flexibility. 

   In this application of hybrid batteries where batteries of 

different types are integrated together within a single 

converter, each module within the modular converter consists 

of different battery types with different voltage and maximum 

charge capacity. Therefore, a module balancing strategy is not 

directly applicable in the current context. Each battery module 

should be dealt independently according to their 

characteristics. This implies a distributed control or a power 

sharing strategy. Due to this strategy, each mode has different 

current ripple and voltage ripple in its module inductor and 

capacitors. These current ripples and voltage ripples are 

important design criterion for the converter design which also 

influences the performance, efficiency and reliability of each 

converter module. For example, the inductor current ripple 

indicates the peak current stress the semiconductors will be 

subjected to and the current ripple in the capacitor influences 

its lifespan because a high current ripple can cause high losses 

in the ESR inside the capacitor which increases internal 

temperature and thereby reducing the reliability as reported in 

[34].      

A. Boost Mode   

Fig.  2(a) shows the boost of operation of the converter. 

This is similar to the one described in photovoltaic application 

[30] – [32] with a major difference being  that this is 

bidirectional rather a unidirectional converter. Moreover, it 

has the capability to bypass the faulty battery module during 

the boost operation using Ti, Tii ∀ 𝑖 = 1 … 𝑛 as indicated in 

Fig.  1.  All the module output capacitors are connected in 

series to form the central dc-link voltage of the inverter. This 

mode is possible only when low voltage batteries and/or low 

number of modules are present such that sum of all module 

voltages meets the condition ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 <  𝑣𝑑𝑐 . The main 

equations of the converter are given in (1) – (3) where di is the 

duty ratio of the switch Si and the main control variable which 

controls the power flow. The quantities like L, RL and C are 

the module inductor, its leakage resistance and module dc-link 

capacitor respectively.       

𝐿
𝐝𝑖𝑏𝑎𝑡𝑡,𝑖

𝐝𝑡
+ 𝑅𝐿𝑖𝑏𝑎𝑡𝑡,𝑖 + (1 − 𝑑𝑖)𝑣𝑑𝑐,𝑖 =  𝑣𝑏𝑎𝑡𝑡,𝑖  ∀ 𝑖 = 1 … 𝑛   (1)                       

𝐶
𝐝𝑣𝑑𝑐,𝑖

𝐝𝑡
− (1 − 𝑑𝑖)𝑖𝑏𝑎𝑡𝑡,𝑖 =  −𝑖𝑑𝑐  ∀ 𝑖 = 1 … 𝑛                       (2) 

𝑣𝑑𝑐 = 𝑣𝑑𝑐,1 + 𝑣𝑑𝑐,2 + ⋯ 𝑣𝑑𝑐,𝑛                                               (3)  

Due to the idle operation of the buck side (Ti is ON and Tii 

OFF) each boost converter module effectively sees a constant 

load current Idc across the module capacitor C. Fig.  3  presents 

the switching performance in the boost mode showing how 

switching signals are generated along with the inductor 

current, the capacitor current and the capacitor voltage. 

Expressions of inductor current and capacitor voltage ripples 

are given in (4) – (5).  
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 .  

 

Fig.  2 Operational modes of the Boost-multilevel buck converter: a) boost mode, b) modular multilevel buck mode, c) boost- buck mode 

 It can be seen that the capacitor current is dependent on idc 

and ibatt,i. The rms current ripple is derived in (8) through the 

capacitor current (ic,i) waveform of Fig.  3. Note it is only 

dependent on Di because Dii is set equal to 1 in this mode as 

shown in Fig.  2(a). 

∆𝑖𝑏𝑎𝑡𝑡,𝑖 =
𝑉𝑏𝑎𝑡𝑡,𝑖

𝐿
𝐷𝑖𝑇𝑠 =

(1−𝐷𝑖)𝐷𝑖

𝐿
𝑉𝑑𝑐,𝑖𝑇𝑠                                 (4) 

𝑖𝑐,𝑖 = 𝑖𝑏𝑎𝑡𝑡,𝑖 −  𝐼𝑑𝑐  and ∆𝑉𝑑𝑐,𝑖 =  
𝐼𝑑𝑐

𝐶
𝐷𝑖𝑇𝑠                             (5) 

Using the information from Fig.  3 

𝑖𝑐,𝑖 = −𝐼𝑑𝑐  𝑓𝑜𝑟 0 ≤ 𝑡 ≤ 𝐷𝑖𝑇𝑠                                               (6) 

𝑖𝑐,𝑖 = (𝐼𝑏𝑎𝑡𝑡,𝑖 +
∆𝑖𝑏𝑎𝑡𝑡,𝑖

2
− 𝐼𝑑𝑐) +

(𝐼𝑏𝑎𝑡𝑡,𝑖+
∆𝑖𝑏𝑎𝑡𝑡,𝑖

2
−𝐼𝑑𝑐)

(1−𝐷𝑖)𝑇𝑠
(𝑡 −

𝐷𝑖𝑇𝑠) 𝑓𝑜𝑟  𝐷𝑖𝑇𝑠 ≤ 𝑡 ≤ 𝑇𝑠                                                      (7) 

𝐼𝑐,𝑖 (𝑟𝑚𝑠) =  √
1

𝑇𝑠
(∫ 𝑖𝑐,𝑖

2𝑑𝑡
𝐷𝑖𝑇𝑠

0
+ ∫ 𝑖𝑐,𝑖

2𝑑𝑡
𝑇𝑠

𝐷𝑖𝑇𝑠
)   Rearranging,  

 

𝐼𝑐,𝑖 (𝑟𝑚𝑠) = √((1 − 𝐷𝑖) (1 +
1

3
(

∆𝑖𝑏𝑎𝑡𝑡,𝑖
2

𝐼𝑏𝑎𝑡𝑡,𝑖
)

2

) 𝐼2
𝑏𝑎𝑡𝑡,𝑖 + 𝐷𝑖𝐼2

𝑑𝑐)  

                                                                                           (8)     

The design of L can be done using the expression of current 

ripple (4) and C is set from the allowable voltage ripple (5). 

However, the rms capacitor current needs to be considered in 

capacitor selection because it influences the module reliability.  

B. Buck Mode 

The buck mode of the converter is shown in Fig.  2(b). This 

mode is applicable only when a high number of modules or a 

high voltage battery module is present such that they meet the 

condition ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 >  𝑣𝑑𝑐  . The main dynamic equations of 

this mode are (9) – (12) where dav is the overall duty ratio of 

the multilevel buck converter and dii is the module duty ratio 

of Ti. Note that the duty ratio dii is the main control variable in 

the buck mode because di is set to zero in this case.    

𝐿
𝑑𝑖𝑏𝑎𝑡𝑡,𝑖

𝑑𝑡
+ 𝑣𝑑𝑐,𝑖 =  𝑣𝑏𝑎𝑡𝑡,𝑖  ∀ 𝑖 = 1 … 𝑛                              (9) 

𝐶
𝑑𝑉𝑑𝑐,𝑖

𝑑𝑡
= 𝑖𝑏𝑎𝑡𝑡,𝑖 − 𝑖𝑑𝑐,𝑖  ∀ 𝑖 = 1 … 𝑛                                  (10) 

𝐿𝑑𝑐
𝑑𝑖𝑑𝑐

𝑑𝑡
+ 𝑣𝑑𝑐 = 𝑑𝑎𝑣 ∑ 𝑉𝑑𝑐,𝑖  where 𝑑𝑎𝑣 =

∑ 𝑣𝑑𝑐,𝑖𝑑𝑖𝑖

∑ 𝑣𝑑𝑐,𝑖
         (11) 

𝐶𝑑𝑐
𝑑𝑉𝑑𝑐

𝑑𝑡
=  𝑖𝑑𝑐 − 𝑖𝑖𝑛𝑣                                                          (12) 

Low no. of modules/low 

voltage batteries 

High no. of modules/ 

high voltage batteries 

Low voltage batteries 

High voltage battery 

Dii  duty ratio of Ti 

 

Di  duty ratio of Si 

 

Buck Mode idle  Dii = 1  

 

Boost Mode idle  Di =0 

iinv 

A 

B 

A 

B B 

A 
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 There could be two types of PWM methods in this mode: a) a 

phase shifted multiple carrier PWM method where the same 

control signal is used as reported in [33] and b) uniform carrier 

method where the control signals are different as described in 

[29]. Both generate a multilevel voltage across the dc-link 

inductance (Ldc) as shown in Fig.  4. As a result of this, it 

reduces the inductor current ripple. However, in the context of 

hybrid batteries, a previous research study [29] showed that 

the uniform carrier PWM method is more applicable as it 

provides the opportunity to utilise each battery module 

independently according their characteristics using dii ∀i = 1… 
n.  

 

Fig.  3 Switching performance in boost mode during discharging: current and 
voltage ripple              

  The switching operation of this mode is described in Fig.  4. 

Due to PWM operation of Ti, Tii each module sees a pulsating 

load current (idc,i) unlike a constant load current in the boost 

mode. Moreover, due presence of non-uniform battery module 

voltages the steps in the multilevel voltage waveform could be 

uneven as shown in Fig.  4. Therefore, the capacitor ripple will 

be different in this operating mode. The inductor sees 

negligible ripple current in this case because the switch Sii is 

always ON and the ripple in idc,i goes directly into the 

capacitor. Note that the shape of capacitor current will be 

different in charging and discharging because 𝑖𝑐,𝑖 = 𝑖𝑏𝑎𝑡𝑡,𝑖 −

 𝑖𝑑𝑐,𝑖 during discharging and 𝑖𝑐,𝑖 = 𝑖𝑑𝑐,𝑖 − 𝑖𝑏𝑎𝑡𝑡,𝑖 during 

charging condition. The discharging condition has been shown 

in Fig.  4. The expressions of capacitor current and the voltage 

ripple are derived in (13). The expression of rms current ripple 

can be found in (17) similar to (8). Note the rms capacitor 

current is only dependent on Dii unlike in the boost mode.   

 

Fig.  4 Switching performance of multilevel buck mode during discharging: 

uniform carrier PWM 

𝑖𝑐,𝑖 = 𝐼𝑏𝑎𝑡𝑡,𝑖 − 𝑖𝑑𝑐,𝑖 and ∆𝑉𝑑𝑐,𝑖 =  (1 − 𝐷𝑖𝑖)
𝐷𝑖𝑖𝐼𝑑𝑐

𝐶
𝑇𝑠          (13)  

𝑖𝑐,𝑖 = (𝐼𝑏𝑎𝑡𝑡,𝑖) +
(𝐼𝑑𝑐+

∆𝑖𝑑𝑐,𝑖
2

−𝐼𝑏𝑎𝑡𝑡,𝑖)

(1−𝐷𝑖𝑖)𝑇𝑠
(𝑡 − 𝐷𝑖𝑖𝑇𝑠) 𝑓𝑜𝑟  0 ≤ 𝑡 ≤

𝐷𝑖𝑖𝑇𝑠                                                                                     (14) 

𝑖𝑐,𝑖 = −𝐼𝑏𝑎𝑡𝑡,𝑖  𝑓𝑜𝑟  𝐷𝑖𝑖𝑇𝑠 ≤ 𝑡 ≤ 𝑇𝑠                                      (15) 

𝐼𝑐,𝑖 (𝑟𝑚𝑠) =  √
1

𝑇𝑠
(∫ 𝑖𝑐,𝑖

2𝑑𝑡
𝐷𝑖𝑖𝑇𝑠

0
+ ∫ 𝑖𝑐,𝑖

2𝑑𝑡
𝑇𝑠

𝐷𝑖𝑖𝑇𝑠
)       Or        (16) 

𝐼𝑐,𝑖 (𝑟𝑚𝑠) = √(𝐼2
𝑏𝑎𝑡𝑡,𝑖 + 𝐷𝑖𝑖 (1 +

1

3
(

∆𝑖𝑑𝑐
2

𝐼𝑑𝑐
)

2

) 𝐼2
𝑑𝑐)           (17)           

 

C. Boost-Buck Mode 

In this case, either all the switches, Si, Sii and Ti, Tii are 

operated in PWM mode or some of the switches Sj, Sjj 

(∀ 𝑖 ≠ 𝑗) are operated in idle mode (Sj is OFF, Sjj is ON) 

depending on the set of batteries present as shown in Fig.  

2(c). However, depending on the distribution of the duty dii 

some module switches Ti, Tii may also operate in idle mode 

(when dii = 1). This is mainly because the high voltage module 

may not need any boost operation from the input and a boost 

operation from the high voltage battery also incurs additional 

switching losses which reduces the system efficiency. This 

mode is valid in both situations, ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 >  𝑣𝑑𝑐  or ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 <
 𝑣𝑑𝑐 . This implies that the boost-buck mode is capable of 

controlling any system with different battery types even if they 

have widely different voltage levels using a combination of all 

the module switches. Moreover, it can also bypass any faulty 

Single carrier 
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battery module and increase the energy flow through the other 

modules without changing the mode of operation until the 

faulty module can be replaced. This way it provides more 

flexibility and more versatility compared to the other modes. 

The dynamic equations are combinations of (1) – (3) and (9) – 

(12) in this mode. The switching operation of the boost 

converter will be similar to Fig.  3 and the operation of the 

multilevel buck converter will be similar to Fig.  4. Due to 

PWM operation of all the four switches (Si, Sii and Ti, Tii), both 

inductor ripple and capacitor current ripple are important in 

this mode. The expression of inductor current ripple will be 

the same as (4) but the capacitor current is more complicated 

to derive because the duty ratios and also switching 

frequencies of Si, and Ti can be independent of each other 

could be totally independent of each other. Therefore, an 

example inductor, capacitor current ripple is shown in Fig.  5 

assuming idc and ibatt,i are independent. The switching 

frequency has been assumed to be the same for Si, and Ti for 

simplicity but they can be different.  The ripple content of the 

module inductor current ibatt,i and the dc-link current idc,i is 

absorbed by the module capacitor. Therefore, It is interesting 

to note that the positive current peak is dependent on ibatt,i 

while the negative current peak is dependent on idc which 

means that the positive peak of the module capacitor current is 

greater than the negative current peak as ibatt,i > idc for the 

boost operation. The exact nature of capacitor current (ic,i) and 

capacitor voltage ripple is dependent on relative values of Di 

and Dii and also synchronisation between idc and ibatt,i.   

   Two cases are studied: a) when the duty ratio of Si is greater 

than the duty ratio of Ti (i.e. Dii < Di), b) duty ratio of Si is less 

than the duty ratio of Ti (i.e. Dii > Di). The waveform of the 

capacitor current in this mode waveform is shown in Fig.  5. It 

is clear that the ripple current is dependent on both Dii and Di 

as expected. The rms value of the capacitor current is derived 

in (18) by following the similar method described for the 

boost and buck mode.  

𝐼𝑐,𝑖 (𝑟𝑚𝑠) = √((1 − 𝐷𝑖) (1 +
1

3
(

∆𝑖𝑏𝑎𝑡𝑡,𝑖

2

𝐼𝑏𝑎𝑡𝑡,𝑖
)

2

) 𝐼2
𝑏𝑎𝑡𝑡,𝑖 + 𝐷𝑖𝑖𝐼2

𝑑𝑐)    (18)  

Fig.  6 shows the variation of RMS capacitor current ripple in 

3D plane in two stages: a) a general variation of duty ratios (Di 

and Dii) between 0 – 1 and b) a specific variation of duty ratios 

within a certain charge/discharge cycle for two modes of 

operations: boost and boost-buck mode using expressions (8) 

and (18). It can be seen from Fig.  6(a), the surface plot of the 

boost mode remains zero for all Dii’s except unity because the 

top switch Ti is always on in this mode. The surface plot is 

mostly concentrated around Dii = 1 which clearly implies that 

capacitor current ripple is independent of Dii. On the other 

hand, the boost-buck mode produces higher current ripple for 

most of the regions within the plane.   

   However, the duty ratios Di and Dii both do not vary 

between 0 and 1 simultaneously within a certain 

charge/discharge cycle. Therefore, a specific comparison is 

shown in Fig.  6(b) where the duty ratio Di of a module varies 

between 0.6 – 0.75 for the boost mode and Dii varies between 

0.7 – 1 for the boost-buck mode within a specific discharging 

cycle. Note: the surface of the boost mode lies slightly higher 

than the boost-buck mode for higher values of Dii which 

means the boost mode produces a higher current ripple 

compared to the boost-buck mode at this range but the boost-

buck mode produces higher ripple at lower values of Dii. 

Therefore, it can be concluded that the capacitor current ripple 

depends on relative values of Di and Dii. 

 

Fig.  5  An example switching performance in boost-multilevel buck mode 
during discharging  

 

Fig.  6  RMS capacitor current: a) general comparison, b) specific comparison 

ic,i = (1 – di) ibatt,i – dii idc 

ic,i = (1 – di) ibatt,i – dii idc 

(a) 

(b) 

Ic,i  

(A)  

Dii  

Dii  

Di  

Di 

A general variation 

of duty ratios 

A practical variation 
of duty ratios within 

a cycle 

Ic,i  

(A)  
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III. HYBRID BATTERIES AND ANALYTICAL COMPARISON OF 

DIFFERENT MODES   

  There could be a hybrid mix of battery modules with 

different voltage levels and maximum capacity within the 

SLBESS. Therefore each of these module types will 

charge/discharge at different rates and have different 

maximum/minimum safe amounts of charge and voltages.   

The strategy adopted in this paper is therefore to ensure that 

the charging/discharging trajectory of the modules during a 

charging or discharging cycle will all arrive at their maximum 

and minimum values at the same time as shown in Fig.  7 [9], 

[29]. Charging/discharging depends purely on the module 

current (ibatt,i). Therefore a current sharing has been followed 

based on weighting factors as shown in (19).   

 
Fig.  7  Hybrid battery discharge trajectory      

Different operational modes described in Fig.  2 and section II 

have different application range depending on the set of 

batteries and different switching strategies gives rise to wide 

flexibility as well as different power losses. In order to 

perform a comparison among the modes, a set of hybrid 

batteries was chosen as shown in Table 1 based on the 

laboratory set-up. Battery capacities are chosen to be widely 

different (almost in 1:10 ratio) and also battery voltages vary 

between 7.2V and 24V.  

𝑖𝑏𝑎𝑡𝑡,1

𝜔1
=  

𝑖𝑏𝑎𝑡𝑡,2

𝜔2
= ⋯ =  

𝑖𝑏𝑎𝑡𝑡,𝑛

𝜔𝑛
 , 𝜔𝑖 = 𝑓(𝑉𝑏𝑎𝑡𝑡,𝑖 , 𝑆𝑂𝐶𝑖 , Q𝑚𝑎𝑥,𝑖)   

                                                                                              (19)   

𝜔𝑖 =
𝑆𝑂𝐶𝑖 𝑄𝑚𝑎𝑥,𝑖

∑ 𝑣𝑏𝑎𝑡𝑡,𝑘
𝑛
𝑘=1 𝑆𝑂𝐶𝑘  𝑄𝑚𝑎𝑥,𝑘

 𝑓𝑜𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔, =

 
(1−𝑆𝑂𝐶𝑖) 𝑄𝑚𝑎𝑥,𝑖

∑ 𝑣𝑏𝑎𝑡𝑡,𝑘
𝑛
𝑘=1 (1−𝑆𝑂𝐶𝑘) 𝑄𝑚𝑎𝑥,𝑘

 𝑓𝑜𝑟 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 And  ∑ 𝜔𝑖
𝑛
𝑖=1 = 1   

A. Range of Operation/ Operational Envelope  

It is clear from (19) that the relative weighting factor (ωi: ωj) 

or current distribution ratio can be widely different within a 

set of batteries depending on their initial SOC and capacity 

(Qmax). This may demand significantly different current levels 

(high values of ibatt,i: ibatt,j) within the modular converter to 

control the hybrid battery modules according to Fig.  7. 

Therefore, it is necessary to derive this range. Module power 

balance equations can be used to derive how widely the 

module current could be controlled.   

Table 1 HYBRID BATTERIES UNDER CONSIDERATION 

Battery module – 1  

(lead acid)  

12V, 10Ah– Vmax = 14V Vmin = 9.5V, Znom = 

0.025Ω 

Battery module – 2  

(lithium Titanate) 

24V, 60Ah– Vmax = 27V Vmin = 18V, Znom – 

0.008Ω 

Battery module – 3  

(NiMH)  

7.2V, 6.5Ah, Vmax = 8.5V , Vmin = 5V, Znom = 

0.015Ω 

Battery module – 4  

(lead acid)  

24V (2x12V), 16Ah lead acid – Vmax = 18V Vmin = 

28V, Znom = 0.04Ω 

Boost Mode (Mode – 1):  The first mode (Fig.  2(a)) is 

applicable only when ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 <  𝑣𝑑𝑐  and also the lower limit 

of ibatt,i is limited by the common dc-link current idc to satisfy 

the constraint of a boost converter while the upper limit of 

ibatt,i is restricted by the maximum switch stress (vsw) of a 

module and the common dc-link current idc as shown in (20) 

and (21). The idc is decided by the power level of the grid-tie 

converter.  In the case where this limit exceeds the maximum 

discharge current of a battery module, the current level of the 

module needs to be limited accordingly. This is shown in Fig.  

8(a) where the operating zone for the boost mode is described.  

  Power balance equation in the boost mode per module, 

 𝑣𝑑𝑐,𝑖𝑖𝑑𝑐 =  𝑣𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖 Where 𝑖𝑏𝑎𝑡𝑡,𝑖 ≥  𝑖𝑑𝑐  boost 

converter constraint  

𝑖𝑏𝑎𝑡𝑡,𝑖 =
𝑉𝑑𝑐,𝑖

 𝑉𝑏𝑎𝑡𝑡,𝑖
𝑖𝑑𝑐                                                                (20) 

Now using (20) and deploying the condition vdc,i,max = vsw, the 

following can be written. 

 𝑖𝑑𝑐 ≤ 𝑖𝑏𝑎𝑡𝑡,𝑖 ≤
𝑣𝑠𝑤

𝑣𝑏𝑎𝑡𝑡,𝑖
𝑖𝑑𝑐                                                      (21)  

Buck Mode (Mode – 2):  The second mode of operation (Fig.  

2(b)) is applicable when ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 >  𝑣𝑑𝑐 . The upper limit of 

ibatt,i is limited by the common dc-link current idc to satisfy the 

constraint of a buck converter while there is no lower limit in 

this mode as shown in (23). This is shown in Fig.  8(b) where 

the operating zone for the buck mode is presented.         

   

Power balance equation in the buck mode per module,                 

𝑣𝑑𝑐,𝑖𝑖𝑑𝑐,𝑖 =  𝑣𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖 Where 𝑖𝑏𝑎𝑡𝑡,𝑖 ≤  𝑖𝑑𝑐   buck 

converter constraint  

𝑣𝑏𝑎𝑡𝑡,𝑖(𝑑𝑖𝑖)𝑖𝑑𝑐 =  𝑣𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖                                             (22) 

0 ≤ 𝑖𝑏𝑎𝑡𝑡,𝑖 ≤ 𝑖𝑑𝑐                                                                   (23) 
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Fig.  8 Operational envelope or control range for three modes of the converter: a) mode 1: boost, b) mode 2: buck and c) mode 3: boost-buck 

    Boost-buck mode (Mode – 3): The third mode of operation 

(Fig.  2(c)) is applicable irrespective of the set of batteries and 

voltage levels. The upper limit of ibatt,i is limited by the 

maximum boost ratio or switch rating (vsw) while there is no 

lower limit in this mode as shown in (24).  

𝑣𝑑𝑐,𝑖(𝑑𝑖𝑖)𝑖𝑑𝑐 =  𝑣𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖 →  0 ≤ 𝑖𝑏𝑎𝑡𝑡,𝑖 ≤
𝑣𝑠𝑤

𝑣𝑏𝑎𝑡𝑡,𝑖
𝑖𝑑𝑐    (24) 

   It can be observed from above expressions and from Fig.  8 

that both boost and buck mode have a narrower control and 

application range compared to the boost-buck mode. 

Therefore, the boost-buck mode could offer a more general 

method of operation and a wider operating zone with the plane 

compared to other modes.  

   In order to show this limitation and differences between the 

modes, a set of simulation studies has been presented from 

Fig.  9  to  Fig.  11.  Simulation results have been presented in 

two stages: a) system level results ensuring the satisfactory 

grid connected operation of the converter in boost and boost-

buck mode and b) current sharing results showing the major 

differences in the range of control operation between two 

modes of operation. Fig.  9 and  Fig.  10 show the system level 

results in boost and boost-buck mode respectively showing the 

grid current and grid voltage together along with the dc-link 

voltage and dc-link currents. Note the converter is switched 

from charging to discharging mode at t = 0.5s. The transition 

between two modes is shown. On the other hand Fig.  11 

shows four dc-side currents at an instant when the grid-tie 

converter switches from charging to discharging mode. Fig.  

11(a) shows a response using the boost mode and Fig.  11(b) 

depicts the similar response using the boost-buck mode.  

   Since a 60Ah battery module is integrated with  6.5Ah and 

10Ah battery modules, the module – 2 (60Ah battery) 

demands a higher share of current. However, in boost mode, 

module currents are limited by the common dc-link current idc 

as shown in Fig.  11(a) where idc has a 100Hz component as 

the single phase system has a double frequency component 

(2x50) in the power along with the dc-component (Fig.  

11(a)).  As a result of this hybrid battery modules are not 

appropriately utilised. On the other hand, Fig.  11(b) shows 

that module currents are quite distinct compared to the boost 

mode. Therefore, the former mode is applicable when there is 

similar range of battery characteristics present while the latter 

mode is more applicable for widely different battery 

characteristics.   

 

Fig.  9 Grid connected operation switching from charging to discharging 

mode: Boost mode 

 

Fig.  10 Grid connected operation switching from charging to discharging 
mode: Boost-buck mode  
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Fig.  11 Current sharing with widely different modules when converter 
switches from charging to discharging: a) in boost mode, and b) in boost-buck 

mode  

B. Control methods  

  The main objective of the hybrid battery control scheme is to 

allow sharing the power among the different battery modules 

according to their weighting factor (ωi) as described in (19) 

where ωi is dependent on the module SOC and capacity.  In 

other words, it is essentially a current sharing strategy where 

the module current reference ( 𝑖𝑏𝑎𝑡𝑡,𝑖
∗) should be proportional 

to 𝜔𝑖 . The grid side inverter operates on power control mode 

depending on the grid side requirement. Therefore, in order to 

make sure that the grid side converter works independent of 

the dc-side, it is necessary to maintain the central dc-link 

voltage constant on an instantaneous basis. The closed loop 

control schematic is shown in Fig.  12 for better understanding 

the control structure of the converter. The lines in red are the 

control signals. The control is performed per module basis 

based on estimated state-of-charge and available capacity as 

shown in Fig.  12.  It can be seen from that each module is 

controlled according to its weighting function by measuring its 

voltage and current. The multilevel buck converter operates 

only in boost-buck and in the buck mode in which case, the 

duty ratio of each buck module (Ti, Tii) is generated from the 

estimated SOC and capacity.  The line side inverter operates 

as a current source providing the necessary grid support. 

   Fig.  13 illustrates actual control loops for the boost, buck or 

boost-buck mode. The dc-side control structure is shown as 

the inverter control remains the same in all modes. Each mode 

requires module independent control which is achieved by 

different methods.  For example, in boost mode, it is 

performed by distributing the total dc-link voltage of the 

inverter according to ωi i.e. vdc,i = f (ωi) which implies di = f 

(ωi) whereas in buck or boost-buck mode, it is solely done 

using the duty ratio dii i.e. dii = f (ωi) as shown in (25), (26) 

and (28) – (30) respectively. Note in both the cases, the total 

dc-link voltage (vdc) is independent of ωi. Therefore, the 

module dc-link voltage reference vdc,m
*
 of boost-buck mode 

can also be independent of ωi and be the same for all modules.  

The selection criterion of vdc,m
*
 can be done using the 

equations (32) and (33) similar to what described in [29].  

 

Fig.  12 Closed loop distributed control schematics of the modular converter 

Boost Mode: 

Power balance  

 𝑉𝑑𝑐,𝑖𝑖𝑑𝑐 = 𝑉𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖  ∀𝑖 = 1 …  𝑛                          (25) 

Now, according to (19),  𝑖𝑏𝑎𝑡𝑡,𝑖
∗ ∝  𝜔𝑖  implies 𝑣𝑑𝑐,𝑖

∗ ∝

 𝑣𝑏𝑎𝑡𝑡,𝑖𝜔𝑖 ∀𝑖 = 1 …  𝑛 and therefore,             

Now, ∑ 𝑣𝑑𝑐,𝑖
∗ = 𝑣𝑑𝑐

∗  

 𝑣𝑑𝑐,𝑖
∗ = 𝑣𝑑𝑐

∗ 𝜔𝑖𝑣𝑏𝑎𝑡𝑡,𝑖  

∑ 𝜔𝑘𝑣𝑏𝑎𝑡𝑡,𝑘.𝑛
𝑘=1

 ∀𝑖 = 1 …  𝑛   Or 𝐷𝑖 = 1 −
𝑉𝑏𝑎𝑡𝑡,𝑖

𝑉𝑑𝑐,𝑖
 

                                                                             (26)          

After generating these voltage references the closed loop 

control is performed according to Fig.  13(a). 

Buck Mode: 

Power balance – 

𝑉𝑏𝑎𝑡𝑡,𝑖(𝐷𝑖𝑖𝐼𝑑𝑐) = 𝑉𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖                                               (27) 

Similarly according to (13), if 𝑖𝑏𝑎𝑡𝑡,𝑖
∗ ∝  𝜔𝑖, then from (27) 

𝐷𝑖𝑖 ∝ 𝜔𝑖∀ 𝑖 = 1. . . 𝑛 and therefore,                         

Module currents 

are limited by Idc 

Distinct utilisation of 

modules 
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Using (11), 𝐷𝑖𝑖 = 𝜔𝑖𝐷𝑎𝑣
(∑ 𝑉𝑏𝑎𝑡𝑡,𝑖

𝑛
𝑖=1 )

∑ 𝜔𝑖𝑉𝑏𝑎𝑡𝑡,𝑖
𝑛
𝑖=1

 ∀ 𝑖 = 1. . . 𝑛              (28) 

The overall effective duty ratio of the multilevel buck 

converter (dav) is generated using central dc-link voltage loop 

as shown in Fig.  13(b).  

Boost- buck Mode:  

Power balance – 

𝑉𝑑𝑐,𝑚(𝐷𝑖𝑖𝐼𝑑𝑐) = 𝑉𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖                                              (29)  

Similarly according to (13), if 𝑖𝑏𝑎𝑡𝑡,𝑖
∗ ∝  𝜔𝑖, implies 𝐷𝑖𝑖   ∝

𝜔𝑖𝑉𝑏𝑎𝑡𝑡,𝑖∀ 𝑖 = 1. . . 𝑛 and therefore,                         

Now using (8), the following expression can be written, 

 𝐷𝑖𝑖 = 𝑛𝐷𝑎𝑣
𝜔𝑖𝑉𝑏𝑎𝑡𝑡,𝑖

∑ 𝜔𝑖𝑉𝑏𝑎𝑡𝑡,𝑖
𝑛
𝑖=1

 ∀ 𝑖 = 1. . . 𝑛                               (30)   

The overall vdc is independent of individual Dii but it is 

dependent on ∑ 𝐷𝑖𝑖 as explained in (31).  

𝑉𝑑𝑐 = 𝐷𝑎𝑣(∑ 𝑉𝑑𝑐,𝑖) Where 𝐷𝑎𝑣 =
∑ 𝐷𝑖𝑖

𝑛
                             (31) 

When all the modules operate in boost-buck mode, the sum of 

the total dc-link voltages (∑ 𝑉𝑑𝑐,𝑚) should be greater than the 

dc-link voltage of the inverter (𝑉𝑑𝑐) to allow the buck 

operation. Therefore, the module dc-link voltage reference can 

be selected by (32). 

𝑛𝑉𝑑𝑐,𝑚
∗  > 𝑉𝑑𝑐

∗  →  
𝑉𝑑𝑐

∗

𝑛
< 𝑉𝑑𝑐,𝑚

∗ ≤ 𝑉𝑠𝑤                           (32)   

In case, some of the modules (say k number of modules) 

operate in idle mode, the voltage reference can be selected by 

(33). 

(𝑉𝑑𝑐
∗−∑  𝑉𝑏𝑎𝑡𝑡,𝑘𝑘≠𝑖 )

(𝑛−𝑘)
< 𝑉𝑑𝑐,𝑚

∗ < 𝑉𝑠𝑤   ∀ 𝑖 ≠ 𝑘                       (33) 

Moreover, it can be seen from Fig.  13 that the boost and the 

boost-buck both employ a voltage control loop to maintain the 

module dc-link voltage (vdc,i)  whereas the multilevel buck 

mode does not need any control loop per module as each vdc,i 

is maintained by the corresponding vbatt,i similar to that 

reported in [33].  On the other hand, the boost mode does not 

require any dedicated control loop to maintain the inverter dc-

link voltage because the central dc-bus is indirectly 

maintained by controlling module dc-link voltages while the 

boost- buck mode and buck mode both require a dedicated 

control loop to maintain the central dc-link voltage vdc. 

Moreover, different control methods have different 

computational burden on the controller which can be 

expressed as a combination of number of control loops or 

number of integrators. Each inner current control loop in the 

control structure can be implemented through a proportional 

controller as shown in Fig.  13. Therefore, the buck mode has 

the least control complexity as it only requires a central bus 

voltage loop whereas the boost-buck mode has the highest 

complexity in terms of control loops as it requires the central 

dc-bus voltage loop as well as individual module voltage 

loops. The summary of the overall comparison from control 

point of views is presented in Table 2.   

Fig.  13 DC-side control methods: a) boost mode, b) buck and boost-buck 

mode 

C. Efficiency/Power Loss  

  Different control modes use different switching combinations 

of the module H-bridge. The overall power loss of the 

configuration is a sum of the boost-multilevel dc-dc converter 

and the line side inverter. In boost mode module dc-link 

voltages are different to share the power while in the boost-

buck mode, module dc-link voltages are maintained at the 

same level (80V).  It is to be noted that the inverter power loss 

or efficiency remains the same for all three operational modes 

for a given power level. Moreover, the same gate drive circuit 

can be used for all the devices in the modular converter, 

therefore, the gate drive losses can also be considered to be 

common across all the modes. For these reasons, only the dc-

side efficiency or power losses are considered as an indicative 

of the overall converter loss.    
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Power losses in this mode comprise of: a) losses in module 

boost inductor, b) conduction and switching losses of Si and 

Sii, c) conduction losses in Ti or Tii, d) losses in the dc-link 

inductance (Ldc). Expressions of the overall converter power 

losses in three modes are denoted by PL1, PL2 and PL3 for 

boost, buck and boost-buck mode respectively. Note: the 

conduction loss due to leakage resistance of the inductor has 

mainly been considered in this case neglecting the high 

frequency core losses. The power loss for the boost mode is 

presented in (32) where Rds(on) Ton, Toff are switch on-state 

resistance, turn ON and turn OFF time of  Si/Sii respectively. 

 
TABLE 2   COMPARISON OF CONTROL METHODS IN DIFFERENT MODES 

Modes Control methods on the dc-side 

within modular converter 

Total no. of control loops on 

the dc-side  

Boost  Vdc,i = f (ωi)  only module 

voltage based method 

n   control loops 

 

Multilevel 

buck  

Dii = f (ωi)  distributed duty 

ratio based method 

1  control loop 

Boost-

multilevel 

buck 

Vdc,m ≠ f (ωi) and 

 Dii = f (ωi)  module voltage 

and duty ratio based method 

(n+1)   control loops  

 

𝑃𝐿1 =

(∑ 𝑖𝑏𝑎𝑡𝑡,𝑖
2 )𝑅𝐿 + (∑ 𝑖𝑏𝑎𝑡𝑡,𝑖

2 )𝑅𝑑𝑠(𝑜𝑛) +

1

2
(∑ 𝑣𝑑𝑐,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖) (

𝑇𝑜𝑛+𝑇𝑜𝑓𝑓

𝑇𝑠
) + 𝑛𝑖𝑑𝑐

2𝑅𝑑𝑠(𝑜𝑛) + 𝑖𝑑𝑐
2𝑅𝐿𝑑𝑐    (32) 

 

Mode – 2 (multilevel buck mode)  

The power losses in this mode comprises of following: a) 

losses in module boost inductor, b) conduction loss in Sii, c) 

conduction losses and switching losses in Ti and Tii, d) losses 

in dc-link inductance (Ldc). The expression of the power loss 

in mode is shown in (33). It can be clearly seen that 

expressions (32) and (33) are quite similar except the 

switching losses in Ti, Tii and Si, Sii. Since the same switches 

can be used in an H-bridge, the power loss/efficiency of these 

two modes is expected to be similar range. 

𝑃𝐿2 =

(∑ 𝑖𝑏𝑎𝑡𝑡,𝑖
2 )𝑅𝐿 + (∑ 𝑖𝑏𝑎𝑡𝑡,𝑖

2 )𝑅𝑑𝑠(𝑜𝑛) +

1

2
(∑ 𝑣𝑏𝑎𝑡𝑡,𝑖𝑖𝑏𝑎𝑡𝑡,𝑖) (

𝑇𝑜𝑛+𝑇𝑜𝑓𝑓

𝑇𝑠
) + 𝑛𝑖𝑑𝑐

2𝑅𝑑𝑠(𝑜𝑛) + 𝑖𝑑𝑐
2𝑅𝐿𝑑𝑐   (33) 

Mode – 3 (boost-modular multilevel buck mode)  

The power losses in this mode comprises of following: a) 

losses in module boost inductor, b) conduction and switching 

losses in Si and Sii, c) conduction losses and switching losses 

in Ti and Tii, d) losses in dc-link inductance (Ldc). The 

expression of the power loss in mode is shown in (34).  

𝑃𝐿3 =

(∑ 𝑖𝑏𝑎𝑡𝑡,𝑖
2 )𝑅𝐿 + (∑ 𝑖𝑏𝑎𝑡𝑡,𝑖

2 )𝑅𝑑𝑠(𝑜𝑛) +

1

2
(∑ 𝑣𝑑𝑐,𝑚𝑖𝑏𝑎𝑡𝑡,𝑖) (

𝑇𝑜𝑛+𝑇𝑜𝑓𝑓

𝑇𝑠
) + 

1

2
(∑ 𝑣𝑑𝑐,𝑚𝐼𝑑𝑐) (

𝑇𝑜𝑛+𝑇𝑜𝑓𝑓

𝑇𝑠
) +

𝑛𝑖𝑑𝑐
2𝑅𝑑𝑠(𝑜𝑛) + 𝑖𝑑𝑐

2𝑅𝐿𝑑𝑐                                                  (34)                                                                           

Comparison between boost and boost-buck mode                                           

   It should be noted that power losses of boost and boost-buck 

mode can be compared together because both could be 

applicable for a similar operating condition, e.g. when 

 ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 <  𝑣𝑑𝑐
∗  is satisfied. The central dc-link voltage has 

been considered as 150V (same as experimental condition) for 

three modules. The control method in Fig.  13(a) has been 

applied in the boost mode and the method described in Fig.  

13(b) has been applied in the boost-buck mode.  Module dc-

link voltages are maintained at 80V for the boost-buck mode 

and the overall dc-link voltage controller maintains vdc to 

150V.  The maximum boost ratio has been limited to 5 in this 

case. Calculated efficiency is plotted in Fig.  14 at various 

operating points or SOCs. The batteries in Table 1, 

semiconductor and passive components in Table 3 are used in 

the calculation. Efficiency is dependent on state-of-charge of 

the batteries. Therefore, efficiency for three different SOCs is 

shown for better understanding of the power loss variation. 

Different points on the same power level in Fig.  14 

correspond to efficiencies at different SOCs as indicated. It is 

clear that a lower efficiency is obtained at a lower SOC 

because the module boost converter operates at a higher boost 

ratio at a lower SOC.    

Comparison between buck and boost-buck mode 

  On the other hand, the buck and boost-buck modes could be 

compared together because they could be applicable for high 

voltage batteries or where a high number of modules is present 

where the condition ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 >  𝑣𝑑𝑐 
∗  is fulfilled.  Therefore, 

either a large number of relative low voltage (3V/12V etc.) 

modules or a low number of high voltage (200V/400V etc.) 

modules is required as a result of this voltage constraint. In the 

present case, 20 modules of 12V, 10Ah lead acid batteries 

(module -1 in Table 1) have been considered (∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 =
240𝑉) for theoretical efficiency comparison between these 

modes. The central dc-link voltage has been considered to be 

150V for single phase grid connection as earlier. Therefore, 

240V to 150V buck operation has been simulated in the buck 

mode. The control method in Fig.  13(b) has been applied to 

maintain the dc-link voltage. The efficiency comparison result 

is shown in Fig.  15 for the same set of SOC values used in 

Fig.  14.   
TABLE 3 COMPONENTS AND THEIR SPECIFICATIONS USED IN THE STUDY 

LV Trench MOSFET for H-bridge dc-

dc modules 

100V 40A – Rds(on) = 8mΩ, 

(FDPF085N10A) 

Central dc-link voltage (Vdc) 150V 

Boost inductors of dc-dc modules (L) 1.5mH, 15A, RL = 40mΩ 

dc-link inductor (Ldc) 1.5mH, 15A, RL = 40mΩ  

Switching frequency of dc-dc modules 10kHz 



2168-6777 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JESTPE.2015.2460334, IEEE Journal of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 12 

 
Fig.  14  Theoretical efficiency comparison between boost and boost-buck 

mode at different SOCs 

 
Fig.  15 Theoretical efficiency comparison buck and boost-buck mode at 
different SOCs  

D. Capacitor ripple current 

  Capacitor ripple current is another important criterion of 

comparison as described in section II. It was found that the 

boost-buck could incur higher or lower ripple current 

depending on the battery weighting factor or hybrid battery 

configurations. There is a wide variation of ripple current in 

boost-buck compared to the boost/buck mode. This means 

when the converter is operated in boost-buck mode, it can 

reduce the overall reliability because the module capacitors 

could undergo increased current stress compared to other 

modes.   

E. Overall Comparison  

Table 4 shows the summary of the overall comparison. It can 

be seen from Table 4 that the boost-buck mode is more 

versatile in terms of application and control range. However, it 

gives rise to lower conversion efficiency (around 1 – 2% 

lower) and higher capacitor ripple current compared to other 

modes. In an application where a widely different batteries is 

present (widely different weighting factors), the boost-buck 

control mode should be the most practical mode of operation 

from the battery utilisation point of views. However, in the 

specific application where all LV batteries or all HV modules 

with similar characteristics (or similar weighting factors) are 

present, the boost or buck mode should be chosen over the 

boost-buck mode in order to achieve higher converter 

efficiency and higher reliability. Therefore, the choice of 

control mode is dependent on the weighting factors as well as 

on the application.  A brief guideline on mode selection is 

presented in Fig.  16. The designer selection is mainly 

influenced by two major factors: a) the overall battery side 

voltage compared to the central dc-link voltage, b) the desired 

distribution of module currents.    

 

Fig.  16  A brief guideline on selecting mode of the converter  

IV. EXPERIMENTAL VALIDATIONS  

   A four converter module based scale-down hybrid battery 

storage system prototype has been built as shown in Fig.  17 

using the batteries described in Table 1. The figure clearly 

shows three types of batteries along with four converter 

modules. The overall system is tested at a 100V, 500W power 

level by connecting to 230V, 50Hz 1-Φ real power grid system 

through a Variac to validate different modes. The overall dc-

bus voltage (vdc) for the line side inverter was controlled to 

150V all the time irrespective of operational modes. Under the 

test condition ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 <  𝑣𝑑𝑐  is fulfilled. As a result mainly 

boost and boost-buck mode could be compared according to 

Table 4. Moreover, there is a similarity between boost- buck 

and buck mode in terms of switching operation. Additionally, 

testing a buck mode requires a high number of battery 

modules to match with the grid voltage, therefore, the boost 

mode and boost- buck mode only have been validated and 

compared in the laboratory conditions.     

   The whole validation has been presented in four stages: A) 

module inductor and capacitor ripples to validate the analysis 

described in section II, B) grid connected operation, C) control 

methods and control range to validate the methods presented 

in section IIIA and IIIB, D) converter efficiency in two 

different modes at various SOCs to validate the claim in 

section IIIC.  

A. Module Inductor and Capacitor Ripple Current 

Inductor and capacitor currents of one module (module 4) 

were measured whose steady current was about 5A to compare 

with the analysis presented in section II. The boost inductor 

current (ibatt,4) and the dc-link inductor current (idc) are 

presented along with the capacitor current in Fig.  18. Note the 

measured waveforms are very similar to section II.  

 

 

SOC = 

60%  

SOC = 

70%  

SOC = 

80%  

SOC = 80%  

SOC = 70%  SOC = 60%  
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TABLE 4  A SUMMARY OF OVERALL COMPARISON OF DIFFERENT MODES  

Modes Application 

range 

Operational 

range/Envelope per 

module 

dc-side Efficiency  Control  

complexity  

Capacitor ripple current 

variation  

Boost  ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 <  𝑣𝑑𝑐
∗   Narrow  

𝑖𝑏𝑎𝑡𝑡,𝑖 ≥ 𝑖𝑑𝑐  

High  

Approx.  (97 – 98%) 

High  

n control loops 

 

Potentially small and narrow 

variation  

Buck ∑ 𝑣𝑏𝑎𝑡𝑡,𝑖 >  𝑣𝑑𝑐
∗   Narrow  

𝑖𝑏𝑎𝑡𝑡,𝑖 ≤ 𝑖𝑑𝑐 

High  

Approx. (97 – 98%) 

Low  

1 control loop 

 

Potentially small and narrow 

variation 

Boost-buck Any Wide 

𝑖𝑏𝑎𝑡𝑡,𝑖 ≤
𝑣𝑠𝑤

𝑣𝑏𝑎𝑡𝑡,𝑖
𝐼𝑑𝑐  

Low 

Approx. (94 – 95%) 

High  

n+1 control loops 

Potentially high ripple 

current and more wider 

variation 

 
Fig.  17  Laboratory build prototype: a) hybrid batteries, b) overall set-up, c) modular dc-dc converter, grid-tie inverter, inductor and sensors 

The comparison between the calculated and measured ripple 

currents is shown in Table 5 at an instant of time for both the 

modes. The measured result has been presented for both 

situations when D44 > D4 and D44 < D4. Note that measured 

capacitor currents agree with the calculation and the analysis 

presented in section – II.  

   Moreover, the capacitor current ripple of module – 4 has 

been measured and compared throughout a discharging cycle 

against the calculated values. The results have been shown in 

two stages: a) for the boost-buck mode shown in Fig.  19 and 

b) for the boost mode shown in Fig.  20. A 3D plot has been 

presented for the boost-buck mode because the RMS current 

ripple depends on two different duty ratios according to (18). 

On the other hand, a 2D plot is presented for the boost mode 

because the ripple depends on one duty ratio according to (8).  

Note the ripple current for the boost mode rapidly decreases 

and then increases and also reaches to zero within 0.6 < D4 < 

0.8 because of presence of D and (1 – D) term in the 

expression. It can be seen that experimental values are within 

±10% compared to their calculated values. This is due to the 

accuracy with which the measurements are taken. This 

validates the analysis presented in Fig.  6.  

  

 
Fig.  18 Inductor and capacitor currents: a) boost, b) boost-buck mode: scale 
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Fig.  19 Calculated and experimental rms capacitor current ripple comparison 

for the boost-buck mode within a certain band of duty cycles 

TABLE 5 CALCULATED AND MEASURED MODULE CAPACITOR RIPPLE 

CURRENTS  

Operating condition 

for module – 4 at an 

instant 

Calculated rms 

capacitor ripple current 

(A) 

Experimentally measured 

rms  ripple current (A) 

 

D4 (0.3) <  D44 

(0.85) 

 Boost  

1.4A 

Boost-

buck 

2.1A 

 Boost 

1.5A 

Boost-buck 

1.95A 

D4  (0.35) >  D44 

(0.25) 

 Boost-buck  

1.9A 

Boost 

1.6A 

 Boost-

buck 

2.1A 

Boost 

1.7A 

 

Fig.  20 Calculated and experimental rms capacitor current ripple comparison 

for the boost mode within 0.6 – 0.8 duty cycle range 

B. Grid connected operation  

  Fig.  21 shows the validation of grid side and dc-link control 

system operation at a moment in time when the inverter is 

switched from charging to discharging mode. It can be seen 

the change of phase angle the line side current with respect to 

the voltage when the dc-link current (Idc) moves from negative 

to positive. It can be seen that these results are very similar to 

the simulation results presented in Fig.  9 and Fig.  10. 

Moreover, the total DC-link voltage (vdc) stays constant during 

the transition. This demonstrates that all module controllers 

are working as expected. Note that the common dc-link 

current (idc) has a double frequency (here 100Hz) component 

in the boost mode while boost-buck mode does not have such 

an issue. This is because there is a dc-link current controller 

present in the boost-buck mode (Fig.  13) and a 100Hz notch 

filter is used in the outer voltage loop which removes this 

component being propagated in the module current. However, 

there is no dc-link current control possible in the boost mode.  

  Fig.  22 shows the difference of switching operation between 

these modes where the voltage between the points ‘A’ and ‘B’ 

of Fig.  1 has been presented. It is important to note that boost 

mode has a continuous voltage across AB while the boost-buck 

mode has a switched voltage (discontinuous waveform) across 

these points because of PWM nature of Ti, Tii (∀ 𝑖 = 1 … 4) in 

Fig.  1. Multilevel operation is also displayed.  

C. Control Range and Control Methods 

   Control range is different in two modes. Fig.  23 presents 

experimental results of current sharing using boost and boost-

buck mode to demonstrate the range of control.  It can be seen 

from Fig.  23(a) that the boost mode cannot fully utilise the 

modules because the module currents are limited by the 

common dc-link current idc at the lower end which contains 

100Hz component in the 1-φ grid system. Fig.  23(b) shows 

distinct module utilisation where module currents are not 

limited at the lower end as explained in the section IIIA.  

However, the similar result is true for charging condition also. 

This shows the effectiveness of the boost-buck mode when a 

widely different batteries is present.     

 

   In order to validate different control methods, module dc-

link voltage dynamics during charging to discharging 

transition has been presented in Fig.  24 because these 

voltages are controlled in different ways in the boost and 

boost-buck mode. Three module voltages are shown along 

with the grid current. It can be seen that module dc-link 

voltages are different in the boost mode and distribute among 

themselves to keep the central link voltage constant. For 

example, module -1 voltage changes from 75V to 60V while 

the module – 3 voltage moves from 45V to 65V. On the other 

hand, all the module voltages remain at 80V in the boost-buck 

mode as shown in Fig.  24.     

D. Power loss/Efficiency   

  Power loss in the modular converter was measured at the 

different power levels for the boost and boost-buck mode at 

the different battery operating points or SOCs. In boost mode 

module dc-link voltages are controlled according to the SOCs 

but in the boost-buck mode dc-link voltages are controlled at 

80V irrespective of their input voltage and the central dc-link 

voltage (vdc) is maintained at 150V. The duty ratio dii is 

controlled according the SOC. This is done through Fig.  25  

where the experimental comparison between the two modes is 

presented at various SOCs. Note the measured efficiency is 

similar to the calculated efficiency in Fig.  14. The dotted 

points of the curve show the efficiency at different SOC at the 

same power level. It is found that the boost-buck mode has 

higher losses and lower efficiency e.g.1 – 2% at all power 

levels compared to the boost mode as expected because the 

boost-buck mode incurs higher switching loss compared to the 

boost mode of operation. However, the difference between the 

modes comes down at higher power levels. 

D4 D44 

Ic4 (A) 

D4 
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Fig.  21 Grid connected operation switching from charging to discharging mode: a) dynamics in boost mode and b) dynamics in boost-buck mode: scale time 

20ms/div, grid voltage 100V/div, grid current 10A/div, dc-link voltage 200V/div, dc-link current 5A/div 

 

Fig.  22 Measured voltages between the points ‘A’ and ‘B’ of the converter in Fig 1: a) boost mode, b) boost-buck mode: scale time 20ms/div dc-link voltage 
200V/div, dc-link current 2A/div   

 

Fig.  23 Current sharing; a) boost, b) boost-buck mode; scale 20ms/div, 5A/div 

TABLE 6 CALCULATED AND MEASURED POWER LOSS DISTRIBUTION WITHIN THE DC-SIDE MODULAR CONVERTER  

Modes Conduction loss Switching loss Inductor loss Total loss 

Boost  Calculated  Measured  Calculated  Measured  Calculated  Measured  Calculated  Measured  

3.5W ≈  4W 1.3W ≈ 2W 7.5W ≈ 9W 12.3W ≈ 15W 

Boost-

buck 

Calculated  Measured  Calculated  Measured  Calculated  Measured  Calculated  Measured  

3.5W  ≈ 5W 3W ≈ 4.0W 7.5W ≈ 9W 14W ≈ 18W 

  This is mainly because at higher power levels the conduction 

losses in the devices dominate compared to the switching 

losses.  

  The power losses in different parts of the converter have also 

presented to justify the theoretical analysis.  The power losses 

have been measured using high precision LeCroy 

Vdc 

Grid current 

Grid voltage 

Idc Idc 
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Grid voltage 
Vdc 
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oscilloscopes (1GHz) and a thermal camera in the laboratory. 

A detailed loss distribution is presented at 500W power level 

in Table 6 along with calculated power losses using 

expressions (32) – (34). Fig.  26 shows the measured power 

loss in each part of the converter. The practical measurement 

shows a higher power losses compared to the theory because 

of parasitic components, stray losses in the power circuit and 

the accuracy of the equipment used.  Moreover, the precise 

measurement of switching losses and conduction losses in the 

semiconductor switches under operating conditions is difficult 

because of their dependency with the temperature.  However, 

in the present case, measured losses are found to be within 

±10% compared to the theoretical calculation.  The boost- 

buck mode incurs significantly higher switching loss 

compared to the boost mode of operation while the other 

losses remain in the comparable range.   

 

Fig.  24 Comparison of control methods: module dc-link voltage (Vdc,i) 

dynamics in boost and boost-buck modes: scale 20ms/div, 50V/div 

 

Fig.  25 Measured efficiency comparison between boost and boost-buck mode 

 
Fig.  26  Experimental loss distribution at 500W in boost and boost-buck 
mode 

V. DISCUSSION AND CONCLUSION     

  The paper shows the feasibility and practicality of a modular 

hybrid energy storage system consisting of widely different 

battery types within the same converter. Different operational 

modes of the converter have been explored, analysed, 

compared and experimentally validated. The proposed 

converter is found to be universal in nature which can be 

operated in: boost, buck and boost-buck mode from input to 

output using an appropriate combination of module switches. 

It was found from the analysis and experimental results that a 

trade-off exists between the efficiency, control complexity and 

operational range. For example, the boost or buck mode, have 

narrow operating envelopes but higher efficiency compared to 

the boost-buck mode while the latter mode has a wider 

operational flexibility which can utilise more widely different 

battery types in an appropriate manner. On the other hand, the 

boost and boost-buck mode have higher computational burden 

on the controller compared to the buck mode due to the 

presence of multiple control loops. The boost-buck mode may 

have a higher capacitor current ripple compared to the other 

modes which can reduce the reliability of module capacitors.   

   Moreover, the converter cost is also dependent on the choice 

of operating modes because different modes could use 

different number of I/O ports, sensors and controller. For 

example if the converter is to be operated in the boost-buck 

mode, it demands extra PWM signals/IO ports and extra 

sensors which can increase the converter cost. On the other 

hand, if the converter is to be operated either in buck or boost 

mode, the overall converter cost could be reduced but at the 

expense of reduced control flexibility. A mode selection needs 

to be performed depending on designer’s requirement and 

choice of range of battery sizes.   

   Follow on research is needed to look at how a choice of 

battery size envelope relating to current and voltage limits can 

be used to choose operating modes and set capacitor and 

inductor values in more practical large scale set-ups.   
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