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Abstract—Modular battery packs are desirable energy storage 
elements in applications such as DC microgrids and electric 
vehicles (EVs). Modular battery packs utilize DC/DC converters 
that are connected in series for high output voltage or connected 
in parallel for high output currents. An active battery 
management system (BMS) utilizes the cell state of charge (SOC) 
to control the cell current. The individual control to input current 
transfer functions vary with the number of converters in parallel. 
This paper presents a small-signal model for the parallel 
converters as a multi-input, multi-output (MIMO) system that 
shows the interactions among the input current transfer functions. 
The small-signal model is utilized to design the feedback loop. The 
paper uses hybrid feedforward control to reduce the interactions 
between the coupled input-current regulation loops; which 
simplifies the implementation, increases modularity, and 
eliminates the need for a central controller. that is generally 
employed in MIMO systems. The analysis is verified by 
simulations and by experiments. A 300 W module consisting of 
three parallel output 100 W boost converters for a cell active 
balancing management system is used for hardware validation. 

Keywords—BMS, active balancing, decoupling control, parallel 
converters, IIPO, hybrid feedforward. 

I. INTRODUCTION 

Modular battery system architectures have benefits of 
scalability, improved reliability, and advanced active balancing 
features [1-7]. This paper is focused on the independent-input, 
parallel-output (IIPO) active balancing architecture, as shown 
in Fig. 1. In IIPO, the battery cells share the same output voltage 
at the point of interconnection (POI) and share part of the output 
current based on battery balancing objectives [8-10]. The IIPO 
approach allows paralleling battery bricks (modules) with 
different capacity or in some cases different chemistry via 
DC/DC converters. An active battery management system 
(BMS) controls the individual cell currents to equalize battery 
SOCs according to the system objectives [9-10].  

 
In an IIPO module, each DC/DC converter utilizes a 

compensator to regulate the cell (input) current. For a DC/DC 
converter supplying a fixed load, the design of the current 
compensator depends on the uncompensated loop gain of the 

converter. However, because of paralleling, the control to input 
current transfer function varies with the numbers of DC/DC 
converters, which comes from the cross-coupling terms (off-
diagonal) in the small-signal model. In addition, the cross-
coupling terms introduce additional disturbances in the 
different current loops when the BMS changes an individual 
cell current reference of a specific converter. It is essential to 
understand the correlation between battery current and duty 
cycle of other converters for the control of the IIPO system. In 
MIMO systems such as the IIPO, decoupling control has been 
used to diagonalize the transfer function matrix, which 
theoretically cancels the cross-coupling effects. For N 
converters, the size of the decoupling matrix is a square matrix 
of order N [11, 15-16]. The decoupling terms can be high order 
transfer functions that are computationally complex for 
implementation on low-cost microcontrollers. References [13, 
18] use the Relative Gain Array (RGA) approach, where the 
RGA matrices are evaluated at DC to decouple the steady-state 
interactions for computational simplicity. However, since both 
methods require accurate small-signal models of the system, 
these two approaches are not suitable for the IIPO systems in 
the active BMS applications where the loads and cell voltages 
vary frequently. 

 
  This paper presents a small-signal model of the IIPO 

module and proposes a hybrid feedforward control strategy for 
the individual input current control. The proposed approach 
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Fig. 1. Independent-input, parallel-output (IIPO) 
battery building block (module) 

DC/DC1

ig1

v1

v oi o

C
o

Available energy

Consumed energy

DC/DC2v2

DC/DCNvN

ig2

igN

978-1-5386-8330-9/19/$31.00 ©2019 IEEE 234



develops a feedforward path for disturbance rejection in 
transients to reduce the disturbance recovery time in the input 
current control loops due to the interactions. The paper is 
organized as follows. Section II describes the differences in the 
control to input current transfer functions of a single converter 
operating at its rated power and two IIPO converters each 
operating at rated power. Section III explains the coupling 
effects on the feedback loop and presents analysis of the hybrid 
feedforward compensator. Section IV verifies the control 
approach using time domain simulations in PLECS/MATLAB. 
Experimental validation is given in Section V. Section VI 
concludes the paper. 

II. SMALL SIGNAL ANALYSIS 

Figure 2 shows a battery building block (module) that 
consists of two-IIPO boost converters operating at switching 
frequency fs, where Rs is the parasitic resistance of the 
inductance L, Co is the lumped output capacitance, RL is the load 
resistance, io is the load current, vo is the output voltage, v1 and 
v2 are the input voltages of the two converters, i1 and i2 are the 
input currents of the two converters, the control (duty) variables 
for the two converters are d1 and d2, respectively. Control to 
input current transfer function of a single converter is derived in 
Subsection II.A. Control to input current transfer functions of 
the converter in the IIPO module is formulated in Subsection 
II.B. 

Single boost converter 

For a single boost converter in the two- converter IIPO 
system of Fig. 2, the averaged inductor voltage and capacitor 
current equations over a switching cycle are given in (1) and (2) 
below, where the output load is split between the two boost 
converters with Co1 = 0.5Co, RL1 = 2RL.  

L
di1
dt

=	v1-	i1Rs-	D1ሖ vo ,            (1) 

Co1 dvo
dt

=D1ሖ i1-	 vo
RL1

 ,            (2) 

By applying perturbation and linearization around the DC 
equilibrium point (I1, D, D’, Vo, V1) [22], the transfer functions 
(considering only the control variables) for a single boost 
converter are obtained in (3-5) as follows, 

௜ௗܩ  = 	 (௏೚	ା	஽భሖ ூభோಽభ)ା	஼೚భோಽభ௏೚௦		஽௘௡భ(௦) ,           (3) 

	 Gvd=	 ൫D1ሖ VoRL1	-	I1RL1Rs൯	-		I1RL1Ls		Den1(s) ,								 			(4)	
Den1(s)=		Co1RL1Ls2+(	Co1RL1Rs+	L)s+Rs	+D1ሖ 2RL1.	 			(5)	
A. Two IIPO boost converters 

 Deriving a complete small-signal model for the system is a 
lengthy process, which depends on the number of battery cells 
and converters [11-14]. The presented analysis ignores the 
circulation currents that are discussed in [23]. This analysis 
relies on averaging the two inductor voltages and the output 
capacitor current over a full switching interval as given in (6-
7). By applying perturbation and linearization around the DC 
equilibrium point (I1, I2, D1, D’1, D2, D’2, Vo, V1, V2) [22], the 
transfer functions (considering only the control variables) for 
the two IIPO boost converters can be derived as 
 

L
di1
dt

= v1- i1Rs- D1ሖ vo,           (6) 

L
di2
dt

= v2- i2Rs- D2ሖ vo,           (7) 

Co
dvo

dt
=D1ሖ i1+D2ሖ i2- 

vo

RL
,           (8) 

቎iሚ1
iሚ2
v෤o

቏= ൥g11 g12
g21 g22
gvd1 gvd2൩ ቈd෨1d෨2቉ = ൤Gimat2x2Gvmat1x2൨ ቈd෨1d෨2቉,          (9) 

where, g11 is the transfer function from the perturbations d෨1 to 
current iሚ1, g12 is the transfer function from the perturbations d෨2 
to current iሚ1, g21 is the transfer function from the perturbations 
d෨1  to current iሚ2 , g22 is the transfer function from the 
perturbations d෨2 to current iሚ2, gvd1 is the transfer function from 
the perturbations d෨1 to voltage v෤o, gvd1 is the transfer function 
from the perturbations d෨2 to voltage v෤o. Gimat2x2 is a control to 
input current transfer matrix consisting of the control to input 
current transfer functions. Detailed expressions for the transfer 
functions in (9) are summarized in Table I. A multitone analysis 
in PLECS/MATLAB is used to verify the expressions given in 
(3) and (9). The parameters of the switching model are 
summarized in Table II. Fig. 3 shows  Bode plots of the control 
to input current transfer functions obtained in (3) and (9). In Fig. 
3(a), the blue and red lines verify the analytically derived 
transfer function g11 and simulation results, respectively. Figure 
3(a) clearly shows the difference in frequency response between 
the control to input current transfer function of a single boost 
converter and the control to input current transfer function of the 
significant magnitude response from the cross-coupling transfer 
function g12, which invalidates SISO-based controller design  
approach based on a single converter transfer function (Gid). 

 

Fig. 2. One module – two IIPO boost converters 
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TABLE.II SWITCHING MODEL  PARAMETERS 

Parameter Symbol Value 
Input voltages [V]  V1, V2  4 
Output voltage [V] Vo 4.8 
Load power [W] Po 200 

Output capacitor [µF] Co 240 
Inductance [nH] L 320 

Parasitic resistance [mΩ] Rs 5 
Switching frequency [kHz] fs 200 

 
  

III. INPUT CURRENT REGULATION 

Section II shows how the control to input current transfer 
function of a single boost converter changes in an IIPO module. 
It also shows the significance of the cross-coupling transfer 
function. This section considers Gimat2x2 in (9) as a classical Two-
input, two-output (TITO) control problem [14,15]. In subsection 
III.A the cross-coupling effects on the feedback loop are 
discussed. Subsection III.B discusses the hybrid feedforward 
approach.   

A. Feedback loop 

By considering only the control variables in the closed loop-
model [17] shown in Fig. 4, the closed-loop transfer function can 
be obtained by solving (9), (10), and (11), d෨1=Gci(iሚref 1- iሚ1) ,                       (10) d෨2=Gci(iሚref 2- iሚ2) ,               (11) 

 

Fig. 4: Closed loop model considering only the control variables. The 
effects of input voltages and the output impedance are not shown in this 

Figure 
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Fig. 3: Bode diagrams of control to input current transfer functions. In 

both (a) and (b) the blue and red lines verify the expressions for g11 and 
g12 by simulation. In (a) a comparison between Gid, and g11. In (b)  the 

frequency response of the cross-coupling transfer function g12. 

TABLE. I: SMALL SIGNAL SUMMARY OF TWO-IIPO BOOST CONVERTERS 

g11 	CoLVoRLs2+൫LVo+	LRLD1ሖ I1+	RsVoCoRL൯s+	RsVo+RsRLD1ሖ I1+	RLVoD2ሖ 2Den2x2(s)  

g12 LRLD1ሖ I2ݏ − RLD1ሖ (D2ሖ Vo − I2 Rs)
Den2x2(s)  

g21 LRLD2ሖ I1s-RLD2ሖ (D1ሖ Vo-I1 Rs)
Den2x2(s)  

g22  CoLVoRLs2+൫LVo+ LRLD2ሖ I2+ RsVoCoRL൯s+ RsVo+RsRLD2ሖ I2+ RLVoD1ሖ 2
Den2x2(s)  

gvd1  -I1L2RLs2+LRL൫D1ሖ Vo-2I1Rs൯s  + RsRL൫D1ሖ Vo-I1Rs൯
Den2x2(s)  

gvd2  -I2L2RLs2+LRL൫D2ሖ Vo-2I2Rs൯s  + RsRL൫D2ሖ Vo-I2Rs൯
Den2x2(s)  

Den2x2(s) CoL2RLs3+൫L2+2CoLRsRL൯s2 + ൬LRL ቀD1ሖ 2+D2ሖ 2ቁ+Rs൫CoRsRL+ 2L൯൰ s+ Rs ቀRL ቀD1ሖ 2+D2ሖ 2ቁ+Rsቁ 
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where Gci is the current loop compensator, iሚref	1and iሚref	2 are the 
perturbations on the current references for the two input 
currents. The solution for iሚ1 is given by 

  iሚ1=
Gci൫g11 + Gci(g11 g22-g12 g21)൯iሚref1+Gcig12iሚref2  

Gci൫g11+g22+ Gci(g11 g22-g12 g21)൯+ 1 .            (12) 

Equation (12) shows that the characteristic equation depends on 
the diagonal elements and the determinant of Gimat2x2, and it 
shows that changing the reference of one converter is seen as a 
disturbance on the other converter. Designing a decoupling 
matrix for the system is cumbersome given the expressions for 
Gimat2x2 elements. The transfer matrix Gimat2x2 changes with the 
operating point and the cell SOC. Furthermore, such decoupling 
control techniques [13,18] require centralized and sophisticated 
signal processing.  Although the existing battery management 
systems are centralized, the computational complexity, high 
cost, and size are typical drawbacks.  The computational 
complexity of the active battery management system affects the 
available sampling rate and the feasibility of the 
implementation using low-cost microcontrollers. 
Consequently, the feedback compensator bandwidth may be 
limited to frequencies below the resonant frequency of the 
system. Without enough attenuation beyond the crossover 
frequency, any disturbance on the DC bus propagates in all 
control loops. 

 

B. Hybrid feedforward control 

Feedforward control utilizes the large signal model to 
calculate the control command, which is the duty-cycle of the 
converter. Hybrid feedforward control has been employed in the 
control of PWM converters. In [17], a voltage feedforward term 
was added to the current setpoint of the average current loop in 
the input-series output-parallel architecture to account for the 
input voltage mismatch of the different modules supplied by the 
same voltage source. In [19-21], the feedback and feedforward 
loops worked together for voltage regulation. The feedforward 
path in a hybrid feedforward compensation improves the input 
port stability at high frequency [24]. Figure 5 shows a feedback 
loop that relies on a compensator Gci for input current regulation; 
the feedforward stage Fd(s) utilizes the input voltage and the POI 
voltage measurement. The feedforward path depends on the 
conversion ratio of the DC/DC converter. In this paper, the 
DC/DC converters utilize synchronous rectification so that the 
system always operates in CCM. The control command is the 
superposition of the feedback d෨FB	and feedforward d෨FF paths. 
The cell voltages change slowly; a relatively large bus 

capacitance damps the variations in the output voltage. As a 
result, the feedforward term dominates the duty-cycle. The 
feedforward term works on changing the duty cycle (D) as the 
output voltage (Vo) varies to maintain zero average voltage 
across the inductor. Consequently, the transient period vanishes 
quickly, which overcomes the extended period the converter 
would have had to undergo to track the original current reference 
before the disturbance instant at the POI. The controller works 
on finding the duty at which the steady-state equilibrium is 
achieved. In an ideal boost converter operating in CCM, the 
following expression can be found Vp=		Dpሖ Vo ,                 (13) 

where, Vp is the input voltage, Vo is the output voltage, and Dpሖ  
is compliment of the converter duty-cycle. By including 
perturbations around the DC operating point, (13) is written as d෨p = 	Dpሖ   

Vo v෤o − 	1  

Vov෤p	,             (14) 

where, v෤p  is the perturbation on the input voltage, v෤o  is the 
perturbation on the output voltage, and d෨p is the perturbation on 
the control command. Equation (14) can be rewritten in the 
following form d෨FFp = Xp	v෤o − Yp	v෤p	,           (15) 

where, Xp, and Yp are scaling factors; if Xp and Yp are chosen to 

be 
Dpሖ   

Vo  and 
1  

Vo  , (15) and (14) are identical. For the analysis, 

define two matrices Gv1, and Gv2 as in (16) and (17), 
respectively. 

Gv1= ቂg11 g12
gvd1 gvd2ቃ.           (16) 

Gv2= ቂg21 g22
gvd1 gvd2ቃ.           (17) 

 
By combining the feedback path (10) and (11) with the 
feedforward path (15), a new hybrid feedforward closed-loop 
equation is obtained by solving (9), (18), and (19) for iሚ1, iሚref1, 
and iሚref2as d෨1=Gci(iሚref 1- iሚ1) +	X1	v෤o − Y	v෤1,           (18) d෨2=Gci(iሚref 2- iሚ2) +	X2	v෤o − Y	v෤2,           (19) 

   iሚ1= 
TF1iሚref1 + TF2 iሚref2 1+ TFBFF

,         (20) 

 TFB=Gci(g11+g22+Gci(g11g22- g12g21)),         (21) 

TFBFF=TFB+ Gci(X1|Gv2|-X2|Gv1|) -X1gvd1-X2gvd2,           (22) 

 TF1= Gci൫g11+ Gci|Gimat2x2| - X2|Gv1|൯,               (23) 

  

Fig. 5: Proposed hybrid feedofrward control for input current regulation  
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  TF2= Gci൫g12+  X1|Gv2|൯.         (24) 

The hybrid feedforward loop gain TFBFF is the superposition of 
the feedback loop gain TFB and the feedforward gain. Figure 6 
compares the two loop gains for a standard PI compensator Gci= 

2 

s
+ 1 1+ 2గ∗ଵ଴଴଴ . This compensator achieves a crossover 

frequency of nearly 300 Hz with feedback only using (12). 
However, the introduction of the feedforward path increases the 
crossover frequency to nearly 1600 Hz at the expense of a 
reduced phase margin. The feedforward dominates at higher 
frequencies and provides larger attenuation beyond the 
crossover frequency compared to feedback loop only.  
Although the feedback compensator may be designed for higher 
bandwidth, it may not provide sufficient attenuation at 
frequencies beyond the crossover frequency. Thus, the 
feedforward path can provide larger attenuation to DC bus 
disturbances that occur at frequencies beyond the compensator 
bandwidth. 

IV. SIMULATION RESULTS 

For the two IIPO boost converters with the parameters listed 
in Table II, two simulations were carried out, using 
PLECS/MATLAB. One applies only feedback loop, and the 
other one uses the hybrid feedforward controller described in 
Section III. In the two scenarios, the two input currents are 
regulated at rated load. At certain point, the BMS applies a step 
change on the reference current of one converter. Figure 7 shows 
the simulation results, where (a) presents the simulation results 
for the converter that experiences a step change in the current 
reference with feedback only or the hybrid feedforward control, 
and (b) shows the simulation results for the other converter. 
From Fig. 7, it can be observed that the input currents track their 
references using feedback controllers. However, the additional 
feedforward action reduces the settling times for the two 
converters significantly. Additionally, the disturbance on the 
converter that has a fixed reference is reduced in the hybrid 
feedforward case due to a more substantial attenuation at higher 
frequencies. Hence, the proposed hybrid feedforward approach 
is verified through simulations. 

V. EXPERIMENTAL VALIDATION 

In this section, the proposed approach is validated using a 
module consisting of three battery cells and three boost 
converters in the IIPO configuration performing active battery 
management. As discussed in the previous sections, the control 
to input transfer matrix for such a system is of size 3. Similar to 
(12) for a two-converter system, a new characteristic equation is 
obtained for the three-converter system to enable design of the 
feedback compensator. The compensator takes the form 
Gci= 

1 

s
+

1 

1+ 2π*3000
. Figure. 8 shows an evaluation system for the 

IIPO active balancing system, where three DC/DC converters 
have independent 25 Ah NMC-battery cells connected to the 
converter inputs. The three converter outputs are paralleled to 
achieve higher output current. Single microcontroller (Piccolo 
TMS320F280049) hosts three input current compensators for 
cost reduction. A constant current load is used to draw 300 W 
from the common DC bus. Table III summarizes the hardware 
parameters. The ADC sampling rate is the same for the input 

 

Fig. 6: Feedback and hybrid feedforward loop gain comparison  

  

Fig. 8: Experimental prototype 

Fig. 7: Simulation results – (a) rererence tracking, (b) disturbance 
rejection 
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current, input voltage, and output voltage sensing. The sampling 
rate is 10 kHz; in the implementation of the hybrid feedforward 
approach, the input and output voltages are low-pass filtered. 

TABLE.III  HARDWARE  PARAMETERS 

Parameter Symbol Value 
Input voltages [V] Vg1, Vg2, Vg3 ~ 4  
Output voltage [V] Vo ~ 4.8  
Output current [A] Io ~ 60 

Output capacitor [µF] Co 360  
Switching frequency [kHz] fs 200  

sampling rate [kHz] fsam 10  
 

In the implementation of the feedback loop, the minimum duty 
command is zero. At that operating point, the input and the 
output voltages are the same. However, in the implementation 
of the hybrid feedforward approach, a negative saturation limit 
is applied on the output of the feedback compensator. The 
feedback compensator saturation limits in the hybrid 
feedforward approach are smaller than the feedback only 
implementation.  

Figure 9 shows experimental results for the feedback only 
implementation. Initially, the three input currents are regulated 
at 26 A. The BMS applies a step change of +1 A on the current 
reference of Ig3. The input current Ig3 tracks the new reference. 
Due to the disturbance in the DC bus coupling at the output, the 
input currents Ig1 and Ig2 slightly dip and spend a short time 
before they recover back to their old values. The recorded 
battery voltages are also shown, together with two cursor 
measurements.  

Figure 10 shows experimental results for the hybrid 
feedforward control approach. Initially, the BMS issues a 
common current command of +26 A for the three input 
currents. Then, the BMS applies a step change of +1 A on the 
current reference for Ig3. Due to the difference in the SOCs of 
the three battery cells, the DC operating point with hybrid 
feedforward control is slightly different, which can be observed 
from the current trace of Ig2.  
 

Figure 11 compares the experimental results from the feedback 
validation and the feedforward approach. To obtain the 
waveforms in Fig. 11, the current scope traces are low-pass 
filtered to remove the switching ripple from the waveforms. 
 
Figure 11 (a) shows comparison between the step response of 
Ig3 with feedback only and hybrid feedforward approach. There 
is a slight difference in the steady-state results between the two 
responses due to the variations in SOC. It can be observed that 
the hybrid feedforward response is faster. The current reaches 
a steady-state in approximately 20 msec. In contrast, the settling 
time with feedback only is about 50 msec. 
 
Figure 11 (b) shows a comparison between the disturbance 
rejection of Ig1 using feedback controller and with the hybrid 
feedforward approach. Delays due to filtering contribute to 
somewhat reduced phase margin, resulting in slightly increased 
oscillations in the response of the hybrid feedforward control. 
The response is also affected by duty cycle quantization effects. 
However, using hybrid feedforward control the current recovers 

~ 26 A

~ 4.9 V
∆I3 = 1 A

V1 = 4.05 V
V2 = 4.08 V
V3 = 3.99 V

Ig1  Ig2 Ig3

Vout

 
Fig. 9. Experimental results – feedback control 

Fig. 11. Experimental results – comparison between feedback and hybrid 
feedbforward control – (a) DC/DC #3, (b) DC/DC #1 

~ 26 A

~ 4.9 V

∆I3 = 1 A
V1 = 3.989 V
V2 = 3.99 V
V3 = 3.989 V

Ig1  Ig2 Ig3

Vout

 
Fig. 10. Experimental results – hybrid feedforward control 
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from the disturbance and returns to the regulation value in 
approximately 20 msec. With feedback control, the response 
time is approximately 50 msec, and the current undershoot is 
larger.  
 

VI. CONCLUSION 

This paper models the control to input current transfer functions 
of the independent-input, parallel-output (IIPO) DC/DC 
converters in modular battery building blocks. Analysis 
showing interactions of the different input current control loops 
is presented. Hybrid feedback plus feedforward control is 
proposed to deal with the bandwidth limitations due to 
coupling. Switching model simulations and a 300 W 
experimental prototype consisting of three parallel output 
100 W boost converters and three (NMC) battery cells 
demonstrate the interactions between the different control loops 
and the effectiveness of the hybrid feedforward approach. 
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