w0 2018/053205 A1 |00 OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
22 March 2018 (22.03.2018)

(10) International Publication Number

WO 2018/053205 A1l

WIPO I PCT

(51) International Patent Classification:
GOSF 1/56 (2006.01) GOSF 1/40 (2006.01)

(21) International Application Number:
PCT/US2017/051670

(22) International Filing Date:
14 September 2017 (14.09.2017)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

15/265,628 14 September 2016 (14.09.2016) US

(63) Related by continuation (CON) or continuation-in-part
(CIP) to earlier application:
Us
Filed on

15/265,628 (CIP)
14 September 2016 (14.09.2016)

an

an

a2

Applicant: TEXAS INSTRUMENTS INCORPORAT-
ED [US/US]; P.O. Box 655474, Mail Station 3999, Dallas,
TX 75265-5474 (US).

Applicant (for JP only): TEXAS INSTRUMENTS
JAPAN LIMITED [JP/JP]; 24-1, Nishi-shinjuku 6-chome,
Shinjuku-ku, 160-8366 (JP).

Inventors: PARMAR, Manish; #12, Balaji Residency, 25
Feet Road, Saraswatipura, Bangalore 560008 (IN). TADE-
PARTHY, Preetam Charan Anand; 20/1 Aditi Green-
scapes, Near Venkateshpura Village, Venkateshwara, Yel-
hanka Hobli, Jakkur Post, Bangalore 560064 (IN). SURYA-
NARAYANA, Dattatreya Baragur; 1000 Centregreen
Way, Cary, NC 27513 (US). MANGINA, Naga Venka-
ta Prasadu; Bagmane Tech Park, No. 66/3, Adjacent to
LRDE, Byrasandra, C.V. Raman Nagar, Bangalore 560093
(IN).

(54) Title: MULTIPHASE POWER CONTROLLER WITH DYNAMIC PHASE MANAGEMENT

NUMBER OF PHASES
rr——-=—"-—=-—="—"="—"=""=""=""=""T~—~*~"~*~F"™*¥~*¥~¥™*"~>~~~>~¥"™~~>"""™"™>""™>"""™>"™""™"™="™=—"+— — 1
I |
: ouctor (17" (9/120 :
| CURRENTS N |
I PHASE | SWITCHING
I REF THRESHOLD CONTROL 165 CONTROL | CONTROL
| senaL 122 outpur l SIGNAL | SIGNAL 150
I 123 130 140 | 160
| \\ + / |
| - [
| |
|| JRESHOD 125 STATE CONTROL | | v
1 ° s MACHINE 2 LooP | | ouT
| CIRCUIT ° ° 135 ° " | 155
| 110 125 135 1481
| |
I .
I N |
| ﬁ 124 130 140 I 160
| THRESHOLD CONTROL PHASE | SWITCHING 150
I 130 SIGNAL OUTPUT CONTROL | CONTROL
| CONTROL SIGNAL | SIGNAL
I OUTPUTS ,
L, -
105 FIG. 1

(57) Abstract: In described examples, a multiphase power controller generates a set of switching control signals (160) to drive a set
of power stages (150). The set of power stages (150) generates an output (Vour) that drives a load. The multiphase power controller
includes a summer (120) to generate an equivalent voltage (122) representative of a sum of inductor currents from each of an inductor in
the set of power stages (150). A threshold generation circuit (110) generates a set of threshold signals (123) in response to a set of control
outputs (130) and a reference (REF). A set of comparators (125) generates the set of control outputs (130), in response to the equivalent
voltage (122) and the set of threshold signals (123). A state machine (135) generates a set of phase control signals (140) in response to
the set of control outputs (130). The set of control outputs (130) changes a number of the set of switching control signals (160).
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MULTIPHASE POWER CONTROLLER WITH DYNAMIC PHASE MANAGEMENT
[0001] This relates to multiphase power controllers in integrated circuits.
BACKGROUND
[0002] In multiphase power supply systems, a load is divided into several regions. A
multiphase power controller in such systems is divided into a number of phases that are assigned
to a corresponding number of regions of the load. Normally, a one to one mapping exists
between the number of phases and the regions of the load.
[0003] The multiphase power controller generates multiple PWM (pulse width modulation)
outputs that drive multiple power stages. The multiphase power controller operates by sharing
equal currents among all the phases. A power stage includes an inductor and a switching
circuitry having a driver. Therefore, the current passing through the inductor in the power stages
is shared equally, then added and delivered to the load. An “n” phase power controller provides
“n” PWM outputs to “n” power stages. The PWM outputs are generated from the controller in
response to the inductor currents and output voltage of the power stages in a closed loop.
[0004] In multiphase controllers, the load current is shared among the multiple phases even
when the load current is low. Multiple power stages and other internal circuits continue to
switch in such low load currents generating multiple PWM outputs. Accordingly, the PWM
outputs are active for a 0 load current to a MAX load current. The PWM outputs being active at
lower load conditions contributes to power consumption, conduction losses and switching losses
affecting the efficiency of the multiphase power supply system.
SUMMARY
[0005] In described examples, a multiphase power system includes a multiphase power
controller that generates a set of switching control signals to drive a set of power stages. The set
of power stages generates an output that drives a load. The multiphase power controller includes
a summer to generate an equivalent voltage representative of a sum of inductor currents from
each of an inductor in the set of power stages. A threshold generation circuit generates a set of
threshold signals in response to a set of control outputs and a reference. A set of comparators

generates the set of control outputs, in response to the equivalent voltage and the set of threshold
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signals. A state machine generates a set of phase control signals in response to the set of control
outputs. The set of control outputs changes a number of the set of switching control signals.
[0006] In further described examples, a multiphase power controller includes a phase manage
block that generates a set of phase control signals in response to an equivalent voltage and a
threshold voltage. The multiphase power controller also includes a control loop that generates a
set of switching control signals in response to the set of phase control signals. The set of
switching control signals drive a set of power stages. The set of power stages generates an
output that drives a load. The output is fed back to the control loop.

[0007] In described examples of an apparatus having a processor and a multiphase power
controller coupled to the processor, the multiphase power controller generates a set of switching
control signals that drive a set of power stages. The set of power stages generates an output that
drives a load. The multiphase power controller includes a summer to generate an equivalent
voltage representative of a sum of inductor currents from each of an inductor in the set of power
stages. A threshold generation circuit generates a set of threshold signals in response to a set of
control outputs and a reference. A set of comparators to generates the set of control outputs, in
response to the equivalent voltage and the set of threshold signals. A state machine generates a
set of phase control signals in response to the set of control outputs. The set of control outputs
changes a number of the switching control signals.

[0008] In further described examples, a multiphase power system has a multiphase power
controller having an inductor current input lead and a switching control output lead. The
switching control output lead is coupled to a set of power stages. The multiphase power
controller includes a summer having a first input coupled to the inductor current input lead and
an output coupled to a first input of a set of comparators. A threshold generation circuit has an
input and an output, the output connected to a second input of the set of comparators. A state
machine has an input connected to outputs of the set of comparators. A control loop has a first
input connected to a set of outputs of the state machine. The control loop has a set of first
outputs connected to the switching control output lead. The control loop further has a second
output coupled to a second input of the summer and the input of the threshold generation circuit.
The set of power stages has an output coupled to a voltage output terminal. A second input of
the control loop is coupled to the voltage output terminal. A load having an input is connected to

the voltage output terminal.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 depicts a schematic of a multiphase power system according to an embodiment;
[0010] FIG. 2 depicts a threshold generation circuit according to an embodiment;

[0011] FIG. 3 depicts a power stage in the multiphase power system according to an
embodiment;

[0012] FIG. 4 depicts a multiphase power controller with a load according to an embodiment;
and

[0013] FIG. 5 depicts a summer in the multiphase power system.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0014] In various embodiments, a multiphase power controller monitors the phase currents in
the system. The information about the phase currents is available in the multiphase power
controller. Several embodiments introduce a technique that determines the phase currents of
each inductor in power stages. Based on a threshold, which is predetermined, each phase is
activated or inactivated per a load current requirement. Various embodiments calculate an
optimum number of phases without sacrificing load and line regulation and yet maximize the
efficiency for entire range of load currents.

[0015] FIG. 1 depicts a schematic of a multiphase power system according to an embodiment.
The multiphase power system has a multiphase power controller 105 that generates a set of
switching control signals 160. The switching control signals 160 drive the power stages 150,
which regulates an output voltage (Vout, 155) and drives a load. A feedback from the output
voltage (Vout, 155) to the control loop 145 keeps the output voltage regulated to a given voltage.
The set of switching control signals 160 is configured to drive the load (such as a processor 405)
connected to the output voltage (Vout, 155).

[0016] The multiphase power controller 105 has a threshold generation circuit 110 to generate
a set of threshold signals 123, 124. The set of threshold signals 123 and 124 are generated in
response to a set of control outputs and a reference as shown in FIG. 1. The set of control
outputs are generated from a set of comparators 125. The set of threshold signals 123, 124
include an add signal and a drop signal. The threshold signals 123, 124 are generated using a set
of summers (205, shown in FIG. 2 and later in this description). The threshold signals 123, 124

are fed to the set of comparators 125.
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[0017] A summer 120 receives inductor currents (from the inductor 320 of each power stage
150) and converts the inductor currents to an equivalent voltage (VIsum), on line 122. In various
embodiments, the power stage also has a filter (such as an LC filter) having the inductor 320 and
a capacitor 325 coupled to a node between the transistors 310.

[0018] The equivalent voltage VIsum is fed to the set of comparators 125 along with the set of
threshold signals 123 and 124. The equivalent voltage VIsum is compared with two different
thresholds signals, the add signal (Vth_add) 123 and the drop signal (Vth_drop) 124. When the
VIsum is greater than Vth _add, the comparator output triggers and provides a pulse as a control
output (130) to add a phase. When the VISUM is lower than Vth drop, the comparator output
triggers and provides a pulse to a control output (130) to drop a phase. In one embodiment, the
multiphase power controller 105 has only two comparators 125 irrespective of number of phases.
In another embodiment, the thresholds for both the comparators 125 are independent. Therefore,
the currents for adding a phase or dropping a phase are independently chosen.

[0019] The set of control outputs 130 includes a set of pulse width modulated (PWM) outputs.
The control outputs 130 are connected to a state machine 135. The state machine 135 also
receives a clock input 165. The clock input 165 is a system clock that synchronizes the operation
of the multiphase power supply controller and several other circuits associated with the
controller. The state machine 135 generates a set of phase control signals 140 in response to the
control outputs 130. A control loop 145 receives the phase control signals. An output (switching
control signal 160) of the control loop 145 is provided to the set of power stages 150.

[0020] The control loop 145 is shown as a block in FIGS. 1 and 2, and block has associated
circuitry to enable the operation of the loop receiving inputs and generating corresponding
outputs. Similarly, the state machine 135 is shown as a block and has associated circuity to
perform the functions of a state machine. In one embodiment, threshold generation circuit 110,
comparators 125, state machine 135 together is referred to as a phase manage block. The phase
manage block generates the phase control signals 140 that are provided to the control loop 145.
[0021] Each of the set of power stages 150 has a driver, a plurality of transistors, the inductor
and a capacitor coupled to each other (as illustrated in FIG. 3). The set of phase control signals
140 include a phase add signal and a phase drop signal. The state machine 135 monitors the
control outputs 130 and adds or drops the phase using phase control signals 140 (phase add and
phase drop signals). Depending on phase add and phase drop signal status, the number of
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phases is calculated in the state machine 135. The information about the number of phases is fed
back to the summer 120 and the threshold generation circuit 110. The summer 120 decides on
the number phase currents to be summed up. The state machine 135 has a counter that stores the
active number of phases at a present state. For example, if the system is at n™ phase and a
phase_add signal is received, the counter counts “n+1”, and n+1" phase is activated.

[0022] Referring to FIG. 2, a threshold generation circuit 110 is illustrated according to an
embodiment. The threshold signals (123, 124) are generated using summers 205. In the
threshold generation circuit 110, the equivalent voltages (on lines 202 and 204) proportional to
the inductor currents are generated by a long resistor ladder (not shown in the Figures). Top and
bottom ends of resistor ladder are regulated by a precision voltage. The source and sink currents
are connected to both regulated ends to minimize the impact of impedance of the resistor ladder.
[0023] In one embodiment, three programmable analog multiplexers dynamically select the
thresholds for selecting a) common mode current b) phase add offset current and c¢) phase drop
offset current. The currents are then converted to the equivalent voltage with fixed offset (Vref).
{n one embodiment, current may also be controlled, in addition to or instead of the voltage, using
techniques for current control tustead of converting current to an equivalent voltage. The set of
analog multiplexers (not shown in the Figures) in the system continuously sample the actual
number of phases from the control loop 145. Based on the actual number of phases, the
multiplexer output is selected for all the three analog multiplexers. The multiplexer outputs are
fed to the summers 205. The summers 205 add the equivalent voltages (on lines 202 and 204),
and generates the threshold signals based on the number of phases information from the control
loop 145. Accordingly, the threshold generation circuit 110 is configured to change the
threshold as per the number of phases.

[0024] The summer 120 is configured to add all inductor currents with offset (for phase add
and phase drop signals). The summer uses total (N+1) summing currents, where N is maximum
number of phases. FIG. 5 depicts a summer 120. The summer 120 has 7 summing branches.
Each summing portion has a switch 510 controlled by the output of the control loop 145 (number
of phases). The maximum phases used is 6 in this example thereby needing are a total of 7
summing branches. The switch 510 is connected to a transistor 515. The transistor 515 is
connected to a ground terminal through a resistor 520. The output voltage across resistor R2,

505 is the final summed output.
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[0025] The current information is received at a gate of the transistor 515. Depending on the
voltage, the current flows from resistor R2 505 to resistor R1 520. The current at the resistor R1
520 is directly proportional to the voltage at the gate of the transistor 515. Currents from each
summer branch flows and adds to resistor R2 505. Output voltage Vout (of summer, 120) is
proportional to (actual no. of phases)* R2/R1. Implementation of the summer 205 in FIG. 1 is
similar to that of summer 120.

[0026] Referring again to FIG. 2, in one embodiment, the summers 120 and 205 are used to
generate a final voltage for the threshold signals. This ensures that all the thresholds use the
same network along with actual current so that any mismatches and PVT (process, voltage and
temperature) variations are managed by optimizing devices and the circuit layout. In one
embodiment, one summer (any of summer 120 or 205) is used three times instead of using two
summers 205 and one summer 120. The current summers 120, 205 generate VIsum and
threshold signals (Vth add and Vth drop signals). VIsum and threshold signals are fed to two
comparators 125. The phase control signals 140 (phase add or phase drop signals) are
generated based on the actual current, the add signal and the drop signal (threshold signals 123,
124). If VIsum is less than the threshold voltage, the phase drop signal is generated and the
number of phases is sequentially dropped by one phase. The phase control signals 140 indicate
the optimum number of phases required for a particular load requirement. The phase drop
operation may be defined as dropping (or removing) of a particular phase during DC operation.
Phase drop in DC operation occurs when all the phase currents from the inductors are summed
up and when VIsum is less than the threshold voltage. A particular phase remains inactive until
the state machine 135 generates the phase add signal based upon actual current. After an input
is received from the state machine 135, that particular phase is added again. The state machine
135 operates continuously and adds or drops phases based on actual current and the output of the
state machine 135 in a looped fashion.

[0027] During operation, the state machine 135 latches the control outputs 130 and generates
phase control signals 140. The phase control signals 140 are provided to a control loop 145. The
control loop 145 is configured to calculate and generate an updated number of phases. The
updated number of phases is sent back to the threshold generation circuit 110 and summers 120
and 205 on line 210. A new set of threshold signals are generated thereafter and compared for

meeting any criterion for adding or dropping the phases depending on the required efficiency of
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the multiphase power system. The control loop 145 continues the operation till a last phase of
the number of phases is reached in a changing load condition.

[0028] In one aspect, the number of phase change in multiphase power controller re-distributes
the current in each inductor. The change in load current is sensed and compared with new
thresholds. When the load current crosses add or drop threshold limits, the process repeats and
the controller 105 is configured to decide whether to add or drop the phases. Monitoring of load
or phase current is designed to operate continuously and the controller 105 adaptively decides the
optimum number of phases. The multiphase power system has a fast transient response to adapt
to change in load currents.

[0029] FIG. 3 depicts a power stage 150 in the multiphase power system. Each power stage
150 receives a switching control signal 305 input from the control loop 145. Generally, the
number of power stages 150 is equal to the number of switching control signals 305. This
example has “n” phase control signals and “n” power stages 150. Each power stage 150 has a
plurality of transistors 310, a driver 315 connected to the gate of one transistor, a driver with an
inverter 314 connected to the gate of the transistor 310, and a filter connected to the transistors.
The filter has an inductor 320 and a capacitor 325. The inductor currents provided to the
summer 120 are the currents flowing through the inductors 320 of each power stage 150. Each
power stage 150 drives a load (such as load 405) connected to the output voltage Vout node 155.
The output voltage Vout is fed back to the control loop 145 to dynamically change the set of
control outputs as described hereinabove.

[0030] FIG. 4 depicts the multiphase power controller 105 with a load 405. The load 405, in
one embodiment, is a processor configured to be driven by the power stages 150. The processor
is a microprocessor in another embodiment. The output voltage 155 of the multiphase power
controller 105 is connected to the processor 405. The load 405 draws current from the output
voltage node (Vout, 155). The multiphase controller 150 of FIG. 4 is identical in connection and
operation to the multiphase controller 105 of FIG. 1 and is not repeated here for the sake of
simplicity.

[0031] Embodiments described herein can include any type of computerized device (e.g., a
controller, microprocessor, digital signal processor) or other device configured with software
and/or circuitry (e.g., a processor) to process any or all of the method operations described

herein. Accordingly, embodiments herein can include a computerized device, such as a
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computer or any type of processor that is programmed or configured to support operations such
as those described herein.

[0032] In one embodiment, the multiphase power controller 105 is formed on a semiconductor
die by conventional semiconductor manufacturing techniques. The semiconductor die also
includes other circuits fabricated thereon.

[0033] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A multiphase power system comprising:

a multiphase power controller that generates a set of switching control signals to drive a
set of power stages, the set of power stages generating an output that drives a load, the
multiphase power controller including: a summer to generate an equivalent voltage
representative of a sum of inductor currents from each of an inductor in the set of power stages; a
threshold generation circuit, coupled to the summer, to generate a set of threshold signals in
response to a set of control outputs and a reference; a set of comparators to generate the set of
control outputs, in response to the equivalent voltage and the set of threshold signals; and a state
machine to generate a set of phase control signals in response to the set of control outputs, the set
of control outputs changing a number of the set of switching control signals.
2. The multiphase power system of claim 1, wherein each of the set of power stages
includes a driver, an inverter, a plurality of transistors, the inductor and a capacitor coupled to
each other.
3. The multiphase power system of claim 1, wherein the set of control outputs includes a set
of pulse width modulated (PWM) outputs.
4. The multiphase power system of claim 1, wherein:

the set of threshold signals include an add signal and a drop signal; and

the set of phase control signals include a phase add signal and a phase drop signal.
5. The multiphase power system of claim 1, wherein:

the threshold generation circuit generates the set of threshold signals from a resistor
ladder; and

a top and a bottom end of the resistor ladder are regulated by a voltage.

6. A multiphase power controller comprising:

a phase manage block that generates a set of phase control signals in response to an
equivalent voltage and a threshold voltage; and

a control loop that generates a set of switching control signals in response to the set of
phase control signals, the set of switching control signals driving a set of power stages, the set of
power stages generating an output that drives a load; wherein the output is fed back to the control

loop.
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7. The multiphase power system of claim 6, wherein the phase manage block includes:

a summer to generate an equivalent voltage representative of a sum of inductor currents

from each of an inductor in the set of power stages;

a threshold generation circuit to generate a set of threshold signals in response to a set of

control outputs and a reference;

a set of comparators to generate the set of control outputs, in response to the equivalent

voltage and the set of threshold signals; and

a state machine to generate a set of phase control signals in response to the set of control

outputs, the set of control outputs changing a number of the set of switching control signals.

8. The multiphase power system of claim 6, wherein each of the set of power stages
comprises a driver, an inverter, a plurality of transistors, the inductor and a capacitor coupled to
each other.

9. The multiphase power system of claim 6, wherein:

the set of threshold signals include an add signal and a drop signal; and

the set of phase control signals include a phase add signal and a phase drop signal.

10.  The multiphase power system of claim 8, wherein each of the set of power stages
comprises a driver, a plurality of transistors, the inductor and a capacitor coupled with each
other.

11.  The multiphase power system of claim 6, wherein the output is fed back to the control
loop to dynamically change the number of the set of switching control signals.

12.  An apparatus comprising:

a processor;

a multiphase power controller coupled to the processor, the multiphase power controller
that generates a set of switching control signals to drive a set of power stages, the set of power
stages generating an output that drives the processor, the multiphase power controller including:
a summer to generate an equivalent voltage representative of a sum of inductor currents from
each of an inductor in the set of power stages; a threshold generation circuit to generate a set of
threshold signals in response to a set of control outputs and a reference; a set of comparators to
generate the set of control outputs, in response to the equivalent voltage and the set of threshold

signals; and a state machine to generate a set of phase control signals in response to the set of

10
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control outputs, the set of control outputs changing a number of the set of switching control
signals.
13.  The apparatus of claim 12, wherein each of the set of power stages includes a driver, an
inverter, a plurality of transistors, the inductor and a capacitor coupled to each other.
14.  The apparatus of claim 12, wherein the set of control outputs includes a set of pulse width
modulated (PWM) outputs.
15.  The apparatus of claim 12, wherein:

the set of threshold signals include an add signal and a drop signal; and

the set of phase control signals include a phase add signal and a phase drop signal.

16.  The apparatus of claim 12, wherein the multiphase power controller is formed on a
semiconductor die.
17. A multiphase power system comprising:

a multiphase power controller having an inductor current input lead and a switching
control output lead, the switching control output lead coupled to a set of power stages, the
multiphase power controller including:

a summer having a first input coupled to the inductor current input lead and an output
coupled to a first input of a set of comparators;

a threshold generation circuit having an input and an output, the output connected to a
second input of the set of comparators;

a state machine having an input connected to outputs of the set of comparators;

a control loop having a first input connected to a set of outputs of the state machine; the
control loop having a set of first outputs connected to the switching control output lead; the
control loop having a second output coupled to a second input of the summer and the input of the
threshold generation circuit; the set of power stages having an output coupled to a voltage output
terminal; a second input of the control loop coupled to the voltage output terminal; and

a load having an input connected to the voltage output terminal.

18.  The multiphase power system of claim 17, wherein the load is a microprocessor.
19.  The multiphase power system of claim 17, wherein the outputs of the set of comparators
generate the set of control outputs, and wherein the set of control outputs change a number of the

set of switching control signals active at a given time.
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