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Abstract 

 
Multiphase dc-dc converters are widely used in modern power electronics applications due to their advantages over single-phase 

converters. Such advantages include reduced current stress in both the switching devices and passive elements, reduced output 
current ripple, and so on. Although the output current ripple of a converter can be significantly reduced by virtue of the interleaving 
effect, the inductor current ripple cannot be reduced even with the interleaving PWM method. One way to solve this problem is to 
use a coupled inductor. However, care must be taken in designing the coupled inductor to maximize its performances. In this paper, 
a detailed analysis of a coupled inductor is conducted and the effect of a coupled inductor on current ripple reduction is investigated 
extensively. From this analysis, a UU core based coupled inductor structure is proposed to maximize the performance of the 
coupled inductor.   
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I. INTRODUCTION 
Single-phase dc-dc converters, such as the one shown in Fig. 

1, have some limitations in high current applications due to the 
excessive power loss caused by the 2i R  loss in the inductor 
and the high inductor ripple current. In order to handle these 
problems, multiphase dc-dc converters, such as the one shown 
in Fig. 2, have been introduced and widely used in applications 
such as voltage regulator modules (VRM), power supplies for 
server applications, and so on. Fig. 3 shows output the current 
ripple (

oLiD ) of a two-phase interleaved buck converter 

normalized with respect to that of its single-phase counterpart 
and the well known equation is expressed in (1) [1], [4]. 

.two-phase

.single-phase

1 2 , 0.5
1
2 1 , 0.5

o

o

L

L

D Di D
Di D
D

D

D

-ì <ïï -= í -ï >
ïî

          (1) 

 
In (1), D is duty cycle of the converter. 
From Fig. 3, it can be seen that when compared with the 

single-phase case, the two-phase interleaved buck converter 
can reduce the output current ripple significantly. As the 
number of phases interleaved increases, a lot less output 
current ripple can be achieved [1], [4]. Conversely, to keep the 
same output current ripple as the single-phase converter, the 
inductances 1L  and 2L  can be reduced. A reduced 

inductance is especially important during a load transient 
because the dc-dc converter can respond quickly [1]-[3]. 
However, the penalty is an increased inductor current ripple.  
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Fig. 1. Single-phase buck converter. 
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A large inductor current ripple decreases converter efficiency. 
In order to reduce the inductor current ripple as well as the 
output current ripple of Fig. 2, the two inductors should be 
coupled in some way. To date a lot of research efforts have 
been conducted on interleaved dc-dc converters using a 
coupled inductor [1]-[13]. 

In [4], a generalized steady-state analysis of the multi-phase 
interleaved boost converter was addressed. Detailed coupled 
inductor modeling and small-signal modeling of a power 
converter using a coupled inductor were proposed in [1] and 
[2], respectively. A new modeling approach for analyzing 
coupled inductors was proposed and a novel canonical 
symmetrical circuit model was developed in [3]. Similar 
coupled inductor concepts have been extended to interleaved 
PWM inverter switching [14], [15]. 

From a survey of previous literature, it can be seen that the 
coupling coefficient (k) of the coupled inductor needs to be 
maximized in order to have optimal performance of the 
coupled inductor and the power converter. However, there has 
not been much extensive research on achieving a high k for 
coupled inductors. In this paper, a new core structure has been 
introduced to that end. A UU core based coupled inductor is 
selected for the coupled inductor design and its unique 
characteristics are determined. 

II. CURRENT RIPPLE REDUCTION EFFECT OF 
COUPLED INDUCTORS 

 

TABLE I 
OPERATION MODES OF TWO-PHASE INTERLEAVED BUCK CONVERTER 

(NON-COUPLED CASE) 

 Mode 1 Mode 2 Mode 3 Mode 4 

1Lv  in oV V-  oV-  oV-  oV-  

2Lv  oV-  oV-  in oV V-  oV-  

1L
d i
dt

 increasing decreasing decreasing decreasing 

2L
d i
dt

 decreasing decreasing increasing decreasing 

oL
d i
dt

 increasing decreasing increasing decreasing 

 
In this section, the effect of a coupled inductor on ripple 

current reduction is discussed and analyzed in great detail. As 
mentioned in Section I, interleaved dc-dc converters are good 
in reducing output current ripple. However, the inductor 
current ripple is not reduced even with the interleaved PWM 
method unless the inductors are coupled. In this section, the 
inductor current ripple of both the non-coupled and coupled 
inductors in two-phase interleaved buck converters are 
analyzed and compared. The two main issues of interest in the 
interleaved converter are the inductor (or phase) current ripple 
and the output current ripple which is sum of the two inductor 
currents. To compare the ripple reduction effect, the current 
ripple in a non-coupled inductor is first analyzed.  

 
A. Two-Phase Non-Coupled Inductors 

Fig. 4 shows a two-phase buck converter using a 
non-coupled inductor. Fig. 5 shows the voltage and current 
waveforms of 1L  and 2L . As can be seen, there are four 
operating modes. Detailed voltage and current directions in 
each mode are summarized in Table I. 

Since the two inductors are non-coupled, there is no 
interaction between them, and the inductor current ripple is 
simply calculated as 

1
1

(1 )o
L s

Vi D T
L

D = -                (2) 

2
2

(1 )o
L s

Vi D T
L

D = -                (3) 

If 1 2L L L= = , then inductor current ripple of the 
non-coupled case is expressed as  

(1 )o
L s

Vi D T
L

D = -                (4) 

,where sT  is switching period of the converter.  

On the other hand, since the output current is the sum of 1Li

and 2Li , the output current is increasing in mode 1 and 

decreasing in mode 2. This cycle repeats again in mode 3 and 
4. As a result, the output current ripple occurs twice during a 
given period sT [6-7], [11]. The equation for the output 

 

Fig. 2. Two-phase interleaved buck converter. 

 
Fig. 3. Output current ripple of two-phase interleaved buck 
converter normalized with respect to that of single-phase case. 
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current ripple is 

(1 2 )o
o

L s
Vi D T
L

D = -              (5) 

To find the ripple current reduction effect of the two-phase 
interleaved converter, the inductor and output current ripples 
of the two-phase interleaved converter are compared with its 
single-phase counterpart. The results are summarized in Table 
II. Comparing the single-phase and non-coupled two-phase 
converters, it can be seen that the output current ripple is 
reduced significantly with the two-phase case and it has its 
maximum effect when D  approaches 0.5. This can also be 
verified by the graph shown in Fig. 3. However, it should be 
noted that the inductor current ripples remain unchanged. 

 

TABLE II 
COMPARISON OF CURRENT RIPPLE 

 Single-phase Two-phase (non-coupled) 

Inductor 
current ripple (1 )o

s
V D T
L

-  (1 )o
s

V D T
L

-  

Output 
current ripple (1 )o

s
V D T
L

-  (1 2 )o
s

V D T
L

-  

 

B. Two-Phase Coupled Inductors 
Fig. 6 shows a two-phase interleaved buck converter using a 

coupled inductor. The coupled inductor is represented as an 
ideal 1:1 transformer, two leakage inductances ( 1lkL , 2lkL ), 

and a magnetizing inductance ( mL ). It should be noted that 
the ideal transformer is connected out of phase with the 
polarity dots on opposite ends [1]. Therefore, 

1 2mL L Li i i= -                 (6) 

As in the non-coupled case, there are 4 operation modes in 
the coupled case. From Fig. 6, it can be seen that the following 
relationships always apply regardless of the operation mode. 

1 1lk mL L Lv v v= +
              

 (7) 

2 2lk mL L Lv v v= -
              

 (8) 

1 2
( )m mL m L m L L

d dv L i L i i
dt dt

= = -
       

 (9) 

 
a) Mode 1 [ 0 ~ sDT ] 

 
Fig. 4. Two-phase interleaved buck converter (Non-coupled). 

 

Fig. 5. Key waveforms of two-phase interleaved buck converter 
(Non-coupled, D<0.5). 

 
Fig. 6. Two-phase interleaved buck converter (Coupled). 

 

Fig. 7. Key waveforms of two-phase interleaved buck converter 
(Coupled, D<0.5). 
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From Fig. 6 and Table I, following equations are applied in 
mode 1. 

1 2
,L in o L ov V V v V= - = -            (10) 

From (7), (8) and (10), 1lkLv  and 2lkLv  are expressed as 

1
1 11 ( )lk m m

L
L lk L L in o L

di
v L v v V V v

dt
= = - = - -

     
(11) 

2
2 22 ( )lk m m

L
L lk L L o L

di
v L v v V v

dt
= = + = - +      (12) 

By assuming that 1 2lk lk lkL L L= = , and substitute (11)-(12) 
into (9), then the equation for magnetizing inductance is 

2m
m

L in
m lk

Lv V
L L

æ ö
= ç ÷+è ø            

 (13) 

From the general coupled inductor theory, lkL  and mL  
are expressed as [16] 

(1 )lk sL k L= -
               

 (14) 

m sL kL=
                 

 (15) 

,where sL  and k  represent self inductance and the 

coupling coefficient of the coupled inductor, respectively.  
By substituting (14) and (15) into (13), the following is 
obtained: 

1mL in
kv V

k
æ ö= ç ÷+è ø              

 (16) 

By substituting (16) back into (11), (12) and using 

o inV DV= , the inductor currents in mode 1 are  

1 1
(1 )

L o

lk

di V D kD
dt L k D

æ ö- -
= ç ÷+è ø

           (17) 

2

(1 )
L o

lk

di V k D kD
dt L k D

æ ö- -
= ç ÷+è ø

           (18) 

The coupling coefficient of the coupled inductor is less 
than 1 in practice and we have assumed that 0.5D < . Thus 
it is obvious that 1

/Ldi dt  is positive. On the other hand, 

2
/Ldi dt

 
becomes positive if / (1 )k D D> - . Since 1k < , 

the current slope of 1L  is greater than that of 2L . The 
output current is sum of the two inductor currents and thus it 
is expressed as  

1 2oL o

lk

di V D
dt L D

-æ ö= ç ÷
è ø

             (19) 

b) Mode 2 [ ~ / 2s sDT T ] 
In mode 2, 1 2L L ov v V= = - , thus 

1
1 11lk m m

L
L lk L L o L

di
v L v v V v

dt
= = - = - -

      
 (20) 

2
2 22lk m m

L
L lk L L o L

di
v L v v V v

dt
= = + = - +        (21) 

Substitute (20) and (21) into (9), then 0mLv = . Thus from 

(20) and (21), the inductor currents in mode 2 are  

1 2L L o

lk

di di V
dt dt L

= = -               (22) 

The output current ripple is expressed as  

1 2
0.5

oL o

lk

di V D
dt L D

-æ ö= - ç ÷-è ø
            (23) 

c) Mode 3 [ / 2 ~ ( / 2 )s s sT T DT+ ] 
Mode 3 is similar to mode 1. The only difference is that 

1L ov V= -  and 2L in ov V V= - . Using a similar methods as 

that used in mode 1, the inductor and output current ripple in 
mode 3 are derived as follows  

1

(1 )
L o

lk

di V k D kD
dt L k D

æ ö- -
= ç ÷+è ø

             (24) 

2 1
(1 )

L o

lk

di V D kD
dt L k D

æ ö- -
= ç ÷+è ø             

 (25) 

As in mode 1, 1k < and 0.5D < . Thus 2
/Ldi dt  is 

positive and 1
/Ldi dt

 
becomes positive if / (1 )k D D> - . 

Since 1k < , the current slope of 2L  is greater than that of  

1L  in this mode. The output current in mode 3 is same as 
that of mode 1. 
d) Mode 4 [ ( / 2 ) ~s s sT DT T+ ] 

Mode 4 is exactly same as mode 2 because 1 2L L ov v V= = - . 

In (17) and (19), dt
 

is equal to sDT
 

in mode 1. Therefore, 
the inductor and output current ripple are expressed as  

1
1

o
L s

lk

V D kDi T
L k

D - -æ ö= ç ÷+è ø
             (26) 

( )1 2o
o

L s
lk

Vi D T
L

D = -                (27) 

In (27), it can be seen that the coupling coefficient k  
does not affect the output current ripple [11]. From (5) and 
(27), it can be seen that if lkL  is equal to the value of the 
individual inductor L in the non-coupled case, the output 
current ripple in both the non-coupled and coupled inductor 
are the same. 

From the mode analysis of the coupled inductor, it can be 
seen that the inductor current ripple depends on the values of 
D  and k . Unlike the non-coupled case, the inductor 
current ripples of the coupled inductor change direction twice 
per cycle as the output current ripple. As k increased to 1 
(perfect coupling), the two inductor currents become equal 
and in-phase. Thus the coupling coefficient k has a 
significant effect on the inductor current ripples although it 
does not affect the output current ripple. Fig. 7 shows the 
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theoretical waveforms of the two-phase interleaved buck 
converter using the coupled inductor. 

From (4) and (26), the ratio of inductor current ripple in 
both the coupled and non-coupled inductor are expressed as 

( )

( )

1
1
1

L coupled

L non coupled

D ki D
i k
D

D -

-
-=
+

           (28) 

The relationship in (28) is plotted in Fig. 8. As shown in 
Fig. 8, a smaller current ripple can be achieved with strong 
coupling coefficient. Fig. 9 shows the simulated inductor and 
the output current waveforms of the coupled inductor when 
k varies and they are compared with those of the 
non-coupled inductor. As mentioned before, if lkL  of the 
coupled inductor is equal to the value of the non-coupled 
individual inductor L

 
in the non-coupled case, the output 

current ripples are same. In this simulation, lkL  and L  are 

both set to 200 Hm to have the same output current ripple. 

As expected, the output current ripple does not change as k
varies. However, the inductor current ripples change 
significantly as k varies and have almost same shape as k
approaches to 1. Mode analysis when 0.5D > can be 
conducted in a similar way as when 0.5D <  and the results 
are exactly same [1]. 

 

III. PROPOSED COUPLED INDUCTOR STRUCTURE 
AND ITS OPERATION 

As mentioned in section II, the inductor current ripple is 
strongly dependent on the coupling coefficient k of the 
coupled inductor. In order to have the maximum inductor 
current ripple reduction, the coupled inductor should have 
high k  and also have enough leakage inductance to reduce 
output current ripple, simultaneously. Fig. 10 shows several 
existing coupled inductor structures [6], [7]. In order to have 
the maximum inductor current ripple reduction, center gap 
structure shown in Fig. 10(c) is preferred because this 
structure can have the highest k . However, this structure has 

 
Fig. 8. Inductor current ripple of coupled inductor normalized 
with respect to the non-coupled case. 

 

(a) 0.1k = . 
 

 
(b) 0.5k = . 

 

 
 (c) 0.8k = . 

 

 
(d) 0.95k = . 

Fig. 9. Simulated inductor and output current waveforms when 
k varies (Vin=100 V, D=0.4). 
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some difficulties in adjusting the airgap (or inductance) 
because the center leg should be cut off or grinded out to 
obtain the wanted airgap. Once the core is cut, only one 
inductance value can be obtained. This may reduce the 
flexibility of the core. In addition, it is not mechanically 
stable if they are used for high power applications. Fig. 11 
shows the flux distribution of the coupled inductor of Fig. 
10(c). The solid and dotted lines represent the coupling and 
the leakage flux, respectively.  

In order to overcome the aforementioned limitations, a UU 
core structure, as in Fig. 12, is proposed in this paper. As 
shown in Fig. 12, the core has four legs. The two inner legs 
have winding on them and no winding on the other two outer 
legs. The two inner legs provide the coupling path for the 
fluxes generated by the windings and thus there is no airgap 
in this path. However, the two outer legs provide the path for 
the leakage flux and thus an airgap is required to store energy. 
Without that leg, the leakage flux will flow through the air 

path between the top and bottom cores and there will not be 
enough inductance. An added benefit of outer leg is that it 
will prevent a possible induction heating problem caused by 
the leakage flux when there is metal around the outer legs. 
This is especially so in high power applications. Similar to 
Fig. 11, the solid line represents the coupling flux and the 
dotted line represents the leakage flux in the core. The 
proposed core structure can easily adjust the airgap and it is 
mechanically more stable than Fig. 11. 
 

IV. EXPERIMENTAL RESULTS 
A prototype coupled inductor was built and tested to verify 

performances of the coupled inductor. Fig. 13 shows the 
picture of the prototype coupled inductor built in this paper. 
Table III shows electrical specifications of the proposed 
converter. As shown, the proposed coupled inductor has a 
very high k . 

In the test, two test setups, as shown in Fig. 14, are used to 
compare the inductor and the output current ripples of the 
converter. As in Fig. 14, the two inductors are just separated 
in (a) and coupled in (b). No extra winding or core is used in 
the comparison. The measured inductance of the non-coupled 
inductor is 220 Hm . 

Fig. 15 shows the experimental waveforms of the inductor 
and the output current when D=0.2. As expected, the output 
current ripple is same in both cases because lkL L= . 
However, the inductor current in coupled inductor has small 
current ripple than non-coupled inductor and the two inductor 
currents are almost in phase. 

             
(a) all gaps (moderate k).          (b) outer gaps (weak k).          (c) center gap (strong k). 

Fig. 10. Several gapping configuration for two-phase coupled inductor. 

 
Fig. 13. Prototype coupled inductor picture. 
 

 
Fig. 11. Flux distribution and path of the coupled inductor. 

 
Fig. 12. Proposed coupled inductor structure. 
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                (a) Non coupled.                                      (b) Coupled. 

Fig. 14. Test setup. 
 

       
(a) Non-coupled inductor.                                (b) Coupled inductor. 

Fig. 15. Experimental results when 300 , 0.2inV V D= = and 6LR W= . 

 

       
(a) Non-coupled inductor.                                 (b) Coupled inductor. 

Fig. 16. Experimental results when 300 , 0.4inV V D= = and 6LR W= . 

 

        
(a) Non-coupled inductor.                                 (b) Coupled inductor. 

Fig. 17. Experimental results when 300 , 0.5inV V D= = and 6LR W= . 
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TABLE III 

ELECTRICAL SPECIFICATIONS OF THE PROPOSED CONVERTER 

INPUT VOLTAGE 300V  

SWITCHING FREQUENCY 20kHz  

COUPLED 
INDUCTOR 

CORE USED FERRITE CORE (UU-95) 
NO. OF TURNS 21 TURNS 

SELF INDUCTANCE 
( sL ) MEASURED 2.933mH  

MAGNETIZING 
INDUCTANCE ( mL ) 

MEASURED 
2.72mH  

LEAKAGE 
INDUCTANCE ( lkL ) 

MEASURED 
213 Hm  

COUPLING 

COEFFICIENT ( k ) 
2.72 0.927
2.933

mH
mH

=  

 
Fig. 16 and 17 show the same current waveforms as Fig. 

15 when D=0.4 and 0.5, respectively. The output current 
ripples are still the same in both the non-coupled and the 
coupled cases. As D gets closer to 0.5, the output current 
ripple decreases gradually and becomes the minimum at 
D=0.5 due to the interleaving effect. This effect is also shown 
in Fig. 3. 

Although the output current ripple is the minimum at 
D=0.5, the inductor current ripple in the non-coupled inductor 
becomes the maximum at this duty cycle because the 
maximum flux (or volt-sec) is applied to the inductor when 
D=0.5. Unlike the non-coupled case, the inductor current 
ripple in the coupled inductor becomes the minimum at this 
duty cycle because of the coupling effect. Therefore, both the 
inductor and the output current ripple becomes the minimum 
(ideally zero) at D=0.5. This is very interesting result and 
shows the beauty of the coupled inductor in an interleaved 
buck converter. If a dc-dc converter is always operating at 
around D=0.5, the coupled inductor can be extremely small. 

Fig. 18 compares the measured efficiency of the converter 
when the output power varies from 500 W to 4 kW while 
Vin=300 V and D=0.5. Fig. 19 shows the measured inductor 
temperature variation during the 2 hour inductor test. From 
the results of Fig. 18 and 19, it is evident that the coupled 
inductor has less of a temperature increase (or less power loss) 
than non-coupled inductor. Due to this, the efficiency of the 
converter can be improved significantly with the coupled 
inductor especially under light and intermediate loads. 
 

V. CONCLUSIONS 

In this paper, the effect of a coupled inductor on both the 
inductor and the output current ripple is studied in great detail.  
From the analysis, it was shown that the coupling coefficient 
should be high enough to effectively reduce the inductor 
current ripple. It was also shown that enough leakage 

inductance is required to minimize the output current ripple 
of the converter. In order to meet both of the requirements of 
the coupled inductor, a UU-core based coupled inductor 
structure was proposed. A two-phase interleaved buck 
converter using the proposed coupled inductor is built and 
successfully tested to verify performances of the coupled 
inductor.  
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