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THE BENEFITS OF THE COUPLED INDUCTOR
TECHNOLOGY
By: Alexandr Ikriannikov, Senior Principal Member of Technical Staff
Abstract: This application note describes the main coupled inductor benefits and differences from the
conventional uncoupled inductor operation. The procedure outlines how to upgrade an existing design with
discrete inductors to coupled inductors, estimating the expected improvements.
A similar version of this article appeared November 29, 2014 on EDN and December 01, 2014 on EE
Times Europe.

Introduction
Maxim Integrated recently acquired Volterra Semiconductor, which now allows a much wider customer
base to use benefits of coupled inductors in different applications. Coupled inductors are often used in
multiphase topologies to take advantage of the current-ripple cancellation from magnetic coupling between
the phases. Normally, current-ripple cancellation happens only at the output of the multiphase buck
converter when typical discrete inductors are used. When these inductors are magnetically coupled, the
current-ripple cancellation is applied to all elements of the circuit: MOSFETs, inductor windings, PCB
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traces. Thus, the switching from all the phases affects each single phase, so the current ripple is reduced
in amplitude and multiplied in frequency. Reduction in the RMS of the waveforms can improve the
efficiency of the power converter or be traded for smaller magnetics, faster transient and, therefore, smaller
output capacitance.

Coupled Inductors vs. Traditional Inductor Designs
The peak-to-peak current ripple in a traditional uncoupled buck converter can be expressed as Equation 1,
where VIN is input voltage, VO is output voltage, L is the inductance value, D is a duty cycle (D = VO/VIN for
a buck converter), and Fs is a switching frequency.
(Eq. 1)
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The current ripple in a buck converter with coupled inductors changes to Equation 2, for D < 1/Nphases,
where ρ = Lm/Lk is a coupling coefficient (Lm is magnetizing or mutual inductance; Lk is a leakage
6
inductance), and Nphases is the number of coupled phases. This particular equation is limited to D <
1/Nphases, which is often enough in a lot of applications, such as VIN = 12V to core (0.5V to 2.5V).
Equation 2 allows the user to easily see how circuit and magnetics parameters affect current-ripple
cancellation.

(Eq. 2)

The additional multiplier in Equation 2, as compared to Equation 1, depends on application conditions. It
changes due to duty cycle, coupling, and the number of coupled phases. Figure 1 shows normalized
current ripple in discrete and coupled 210nH inductors in a 4-phase buck converter. The current ripple is
normalized by a maximum current ripple: ripple in the discrete inductor at D = 0.5 (so the normalized
current ripple in a discrete inductor is 1 at D = 0.5). A typical application of 12V to 1.8V relates to the D =
0.15, as marked on the plot.

Figure 1. Normalized current ripple for a 4-phase buck converter: discrete 210nH and coupled 210nH
inductors with different coupling coefficient Lm/L.
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Figure 2. Normalized current ripple for a 4-phase buck converter: discrete 210nH and coupled 50nH
inductors with different coupling coefficient Lm/L.
Figure 1 illustrates the dramatic current-ripple cancellation in all the power circuitry due to the coupled
nductors. Notice that there are duty-cycle values where the benefit is significantly larger than approximately
D = 0.15. Several plots for the coupled inductor illustrate the impact of the coupling coefficient Lm/L: for the
practical coupling in Lm/L = 3 - 7 range, and some idealized and not realistic values Lm/L as 10 and 100.
Assuming that the initial design with discrete inductors was reasonable and had acceptable current ripple, it
makes sense to decrease the inductance value for the coupled inductor to achieve approximately the same
current ripple around the targeted area D = 0.15. A value of 50nH/phase provides a similar current ripple as
a discrete 210nH in this condition, Figure 2.
For the same peak-to-peak current ripple, the same RMS of current waveforms can be expected. This leads
to the similar conduction and switching losses around all circuit branches and, therefore, a similar efficiency.
The big benefit, however, is that a 50nH inductor will have > 4x better transient performance than 210nH,
This benefit usually enables you to eliminate the big, unreliable, expensive, and bulkly output capacitance
completely. Only the high-performance ceramic capacitors, the ones that are already present, remain.
Notice that ceramic capacitors always must be present for applications with a fast transient. This is because
only capacitors with low ESR and ESL can provide a necessary transient performance at the instant of the
fast load step. Bulk capacitors are typically added to address the slow-current slew rate in discrete inductors
and associated energy storage. In the case of much faster coupled inductors, the capacitance from ceramic
capacitors alone is usually enough to address the related, much smaller energy storage.
The benefits of coupled inductors do not stop there. Coupled inductors are designed with negative coupling,
so the mutual fluxes from all windings cancel each other when all phases share the current equally. The
latter condition is typical in multiphase applications, especially with a current-mode control. Only the leakage
flux stores the energy in coupled inductors, so the energy storage for the example shown in Figure
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2 is associated with 50nH/phase instead of a 210nH/phase. This implies that a coupled inductor can be
fundamentally smaller or/and have a higher current saturation rating, as compared to a discrete inductor.
Compare two choices of magnetics for a typical 4-phase solution in a 12V to 1V application to deliver power
to some microprocessor: off-the-shelf, high-efficiency discrete inductors FP1308R3-R21-R, and a 50nH
7-8
coupled inductor CL1108-4-50TR-R. The related datasheets are available online. Assuming a minimum
2
of 0.5mm distance between discrete inductors on the PCB, the discrete inductors occupy ~722mm on the
2
motherboard; the coupled inductor, already providing much better performance, requires only ~396mm .
This is illustrated in Figure 3. At the same time, the discrete inductor has ISAT = 80A at room temperature,
+25°C, (It is certainly worse at a higher temperature.) while the coupled inductor saturates above
110A/phase at +105°C. The area reduction of > 1.8x and the saturation improvement of > 1.5x are
achieved simultaneously.
To better appreciate the coupled inductor size, notice that discrete inductors (ones that are much more
physically narrow) can be considered for this 4-phase solution, However, such inductors would either
decrease the saturation rating or need a value smaller than the targeted 210nH. The latter case would, in
turn, increase current ripple and decrease efficiency.
The multiplier responsible for the decreased current ripple due to magnetic coupling in Equation 2 can be
3

simplified, assuming an ideal coupling (i.e., very high Lm/Lk). Then Equation 2 reduces to Equation 3. It is
aparent that a benefit on the order of Nphases can be expected from this coupling, but it can also be higher
depending on the duty cycle. To be more exact, even greater advantage can be achieved in different
applications where the duty cycle is further from the D = 0 or D = 1 regions.

(Eq. 3)
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Figure 3. Magnetics of comparable efficiency for 4-phase 12V to 1V solution: four discrete 210nH inductors
and a single coupled 50nH part. Graphic courtesy of Eaton Electronics.
A generalized approach to take advantage of the coupled inductors will now be shown. Equation 2 for
current-ripple cancellation in a coupled inductor can be generalized as Equation 4.
(Eq. 4)
The figure of merit (FOM) in Equation 4 can be derived from reference [9] by using familiar and more
convinient parameters, as in Equation 5.

(Eq.5)
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This FOM expression in Equation 5 is valid for a particular

region of the duty-cycle D, where index k changes in the 0 < k < (Nph - 1) range.
Figure 4 shows the current-ripple reduction for a different number of phases in a full range of the duty
cycles. The current ripple is plotted assuming ideal coupling and the same value of L. Increasing the
number of coupled phases is clearly beneficial.
Notice that purposely increasing the number of phases for a given output current is a cost- and sizeineffective approach for a typical solution with discrete components. This approach should also be very
attractive with some commercial integrated solutions where multiple switching phases are integrated on a
single die. This perfectly aligns with the power technology and strategy of Maxim Integrated.

Figure 4. Normalized current ripple for a multiphase phase buck converter for ideal coupling and a different
number of phases.
Figure 4 also marks a particular duty cycle D = 0.15, which corresponds to a practical example of VO = 1.8V
for VIN = 12V. This condition is used for the curves in Figure 5, which shows how the choice of coupling
coefficient ρ = Lm/Lk affects the current-ripple cancellation. Looking at Figure 4, the normalized current
ripple in a discrete inductor is ~0.5 at D = 0.15, which is also shown as a rad curve in Figure 5. The 4phase coupled inductor in the same conditions would have the same current ripple if coupling is very low; it
would have significantly less current ripple as coupling increases. See Figure 5. Notice that the current
ripple decreases very fast initially, and then reaches a flat region at the large values of the coupling
coefficient. This behavior recommends a coupling coefficient that is roughly in the 3 to 5 range. With this
approach, the benefit of the greatest current-ripple cancellation is implemented, but the corner of
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diminishing return is avoided (i.e., no oversized magnetics for little or no benefit).

Figure 5. Normalized current ripple for a multiphase phase buck converter for D = 0.15 (VO = 1.8V, VIN =
12V application) as a function of coupling coefficient ρ = Lm/Lk.

Summary Guidelines
Assume that we start with a reasonable multiphase buck-converter design that has discrete inductors. The
goal is to improve the system performance with coupled inductors. The initial design with discrete
inductors is assumed to have a reasonable current ripple, so the efficiency of the converter meets
customer expectations. For a 4-phase buck converter with a practical value of coupling coefficient, the plot
of expected FOM in Equation 5 is shown in Figure 6.
Looking at Figure 6, and targeting D ~ 0.15, a FOM of 4 can be considered as a design target. Figure 7
illustrates the resulting current ripple: the red curve shows the initial ripple of discrete inductor L; then two
curves show a current ripple for the L with different coupling; and finally, two curves are for L/4. As
expected, current ripple around D ~ 0.15 is similar between discrete inductor L and the coupled inductor L/
FOM = L/4.
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Figure 6. A FOM for a 4-phase buck converter with coupled inductors as a function of duty cycle.

Figure 7. Normalized current ripple for a 4-phase buck converter: discrete L, coupled L, and coupled L/4.
Notice that, depending on the application, the targeted duty-cycle range can differ, and the chosen FOM can
be higher than illustrated in the D ~0.15 example. The chosen FOM = 4 corresponds to a typical enterprise
application, where the high-efficiency discrete 210nH inductors are replaced with 50nH coupled inductors,
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as in Figure 3. As expected, a much smaller inductance value has to satisfy the saturation requirement of
the application, so the coupled inductor size is significantly smaller than in the conventional solution. The
chosen FOM = 4 also translates to 4x faster current slew rate during the transient and, therefore, roughly 4x
smaller output capacitance is expected.
The shown guidelines can be applied to any number of coupled phases. Notice that the chosen FOM does
not have to be applied solely towards the transient performance. Depending on application conditions and
customer priorities, some of the FOM can be directly traded, for example, to reduce current ripple which,
therefore, lowers the conduction losses everywhere in the circuit. For example, the chosen FOM = 4 can be
traded for only a 2.6x reduction of inductance value (and related transient improvement), leaving 1.5x for
both the reduced current ripple and improved efficiency.
As coupled inductors are moving into different power applications, many different customers will now
definitely benefit from this proprietary technology.
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More Information
For Technical Support: http://www.maximintegrated.com/en/support
For Samples: http://www.maximintegrated.com/en/samples
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