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Introduction

In multi-phase low-voltage high-current switching mode power supply applications one of the most
important and difficult tasks is to achieve good current balancing among phases. Due to many real
world variables and parasitic elements that are hard to precisely control in design and production,
the actually phase current balancing can be affected a great deal by these variables. If current
among phases is not very well balanced, it'll appose additional electrical and thermal stress to
heavy loaded phases. At the end the OEMs have to pay extra cost to increase design margin, so
that able to safely tolerate associated stress. The introduction of electrically adjustable resistors
offers manufactures a new way to do phase current balancing trimming at final test, therefore able
to improve system performance and reliability.

Background

Low-voltage high-current switching mode power supply / regulator applications are required to
supply power to the load in a controlled manner. One common and effective approach is to use
interleaved multi-phase power supplies to deliver high current, such as 100 A or more, to the load,
as shown in Figure 1. However one of the major challenges associated with a multi-phase
switching regulator is phase current balancing. If current among phases are not very well balanced,
heavily loaded phases will deliver most of the load current, while lightly loaded phases don't
contribute too much to the system. At the end heavy loaded phases tend to have bigger electrical
and thermal stress, and the likelihood of single point failure in these phases is greatly increased. In
order to improve system reliability, a system designer has to reserve more design margin, which
could increase the system cost.
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Figure 1: n-phase Interleaved Switching Regulator
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One of the major root causes of phase current mismatching is those variables that are hard to
effectively control by design and manufacture. Applying Rejustors to fine tune those variables,
hence phase current balancing, at final test can be a relatively simple and effective way for high
end multi-phase switching regulator applications, such as those in telecom, servers, gaming, high-
end desktops and notebooks, etc.

3 Detailed Description

A simplified multi-phase switching mode voltage regulator is shown in Fig. 2. Here low side
MOSFET Rdson — M1b...Mnb is used as a lossless current sensing element for phase current
balancing. A current sense amplifier of the individual phase picks the voltage drop across the low
side MOSFET, amplifies it, and sends this sensed phase current information to the controller for
pulse width modulation (PWM) and phase current balancing control.
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Figure 2: Simplified Schematic, n-phase Switching Regulator

Due to MOSFET Rds,, variation and interconnection parasitics in the printed circuit board (PCB),
the equivalent current sense resistance of each phase is required to be slightly different. Therefore
two Rejustors, such as Rjla and Rjlb (as shown in Figure 2) are used for each phase to fine tune
and correct this sensing element error.

Another major error source affecting phase current sensing and balancing accuracy is the current
sense amplifier input offset voltage and bias current. Many current sense amplifier input bias
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circuits, such as that in FAN5182, are unidirectional. Therefore a single Rejustor can be employed
for each phase - Rjlc...Rjnc as in Figure 2, to compensate these errors and realize good matching
for all phases.

Keep in mind that the most important task for phase current balancing is to achieve good relative
current sense matching among phases. Absolute accuracy of individual phase is not crucial. For
example, as long as all the current sense amplifier input offset voltage and bias current are closely
matched, phase current balancing among phases will be good, while the absolute magnitude of
these input offset voltage and bias current are not very important for phase current balancing.

Rejustor network, i.e. (Rjla+R1c) in parallel with (Rjlb+R1d), should be selected such that, their
equivalent resistance is much lower than that of the associated current sense amplifier resistor, i.e.
R1b, in order to minimize interference between the Rejustor attenuation network and the current
sense amplifier gain stage.

To improve set point and regulation accuracy, a Rejustor — Rjfb in Figure 2 can also be used in a
design in order to precisely trim the output voltage.

3.1 Verification

A 3 phase switching mode voltage regulator is designed to demonstrate the difference before and
after Rejustor tuning. The switching regulator operations in the following conditions:

Input voltage: 12 V

Output voltage: 1.5V

Output current: 0 A~ 100 A

Switching frequency: 220 kHz per phase

Referring to Figure 2, the variables in Table | represent major component variation with the
associated affect on phase current balancing.

Table I. Component tolerance

Component Units Min Typical Max
Current sense amplifier input mv 8 0 8
offset voltage
g_urrent sense amplifier input A 93 10 10.7

ias current
Los side MOSFET Rdsg, m 2.125 2.5 2.875

To plot phase current balance characteristic as a function of time at different load conditions, the
load is increased from 0 A to 100 A at very low slew rate. The current balancing plots in the
following figures represent quasi-static current sharing characteristic over all load conditions.

Figure 3 shows phase current balancing characteristic before Rejustor tuning. The bottom curves
are the individual phase inductor current waveforms. The curve in the middle is the load current
that slowly changes from 0 A to 100 A. The top curves represent moving average of the individual
phase inductor current, so that the inductor ripple current is filtered out and the phase current
difference can be seen more distinctly.
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Figure 3: Phase current balancing characteristic before Rejustor tuning

At 0 A, phase current mismatch is around 6.94 A; at 95 A, phase current mismatch increases to
16.71 A, i.e. around +/-26% mismatch among phases!

Phase current balancing characteristic after Rejustor tuning is indicated in Figure 4. All three phase
current outputs almost overlap, and the difference cannot be easily identified. By taking precise
measurement, it can be determined that at 0 A phase current mismatch drops to 0.37A, and at
95A, phase current mismatch reduces to only 0.35 A, that is less than +/-0.6% mismatch among
phases!

Figure 4: Phase current balancing characteristic after Rejustor tuning
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As can be seen from Figure 3 and Figure 4, with Rejustor tuning, phase current balancing
improves from +/-26% to +/-0.6% at heavy load. Consequently, both electrical and thermal
performance of the switching regulator improves effectively.

4 Conclusions

The introduction of electrically adjustable resistors provides a new way for high performance multi-
phase switching regulator design and production. By adopting Rejustor trimming at final test, the
conventional phase current balancing problem in multi-phase switching regulators can be solved.
Electrical and thermal performance of the system is therefore improved. Rejustor associated
design and implementation in multi-phase switching regulators are relatively simple and
straightforward, reducing system cost while improving system reliability.
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