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STORAGE SYSTEM WITH DATA TRANSFER 
RATE ADJUSTMENT FOR POWER 

THROTTLING 

2 
from a host system; reading a current value of electrical power 
supplied by the host system in response to the host command; 
and adjusting a bus speed for controlling data transfer through 
a channel shared by a number of non-volatile memory 

CROSS-REFERENCE TO RELATED 
APPLICATION(S) 

5 devices, the bus speed is adjusted based on the current value 
of the electrical power. 

The present invention provides a storage control system, 
including: a host interface unit for receiving a host command 
from a host system; a power measurement hardware, coupled 

The present application contains subject matter related to 
U.S. patent application Ser. No. 13/926,824, filed Jun. 25, 
2013, entitled "STORAGE CONTROL SYSTEM WITH 
POWER THROTTLING MECHANISM AND METHOD 
OF OPERATION THEREOF". The subject matter thereof is 
incorporated herein by reference thereto. 

TECHNICAL FIELD 

10 to the host interface unit, for reading a current value of elec­
trical power supplied by the host system in response to the 
host command; and a power monitor controller, coupled to 
the power measurement hardware, for adjusting a bus speed 
for controlling data transfer through a channel shared by a 

The present invention relates generally to a storage control 
system and more particularly to a system for power throttling. 

15 number of non-volatile memory devices, the bus speed is 
adjusted based on the current value of the electrical power. 

BACKGROUND ART 

Certain embodiments of the invention have other steps or 
elements in addition to or in place of those mentioned above. 
The steps or elements will become apparent to those skilled in 

20 the art from a reading of the following detailed description 
when taken with reference to the accompanying drawings. Data storage, often called storage or memory, refers to 

computer components and recording media that retain digital 
data. Data storage is a core function and fundamental com­
ponent of consumer and industrial electronics, especially 
devices such as computers, televisions, cellular phones, 25 

mobile devices, and digital video cameras. 
Recently, forms oflong-term storage other than electrome­

chanical hard disks have become feasible for use in comput-
ers. NOT-AND (NAND) flash is one form of non-volatile 
memory used in solid-state storage devices. The memory 30 

cells are arranged in typical row and colunm fashion with 
circuitry for accessing individual cells. The memory transis­
tors of those cells are placed to store an analog value that can 
be interpreted to hold two logical states in the case of Single 
Level Cell (SLC) or more than two logical states in the case of 35 

Multi Level Cell (MLC). 
A flash memory cell is light in weight, occupies very little 

space, and consumes less power than electromechanical disk 
drives. Construction of a storage system with this type of 
memory allows for much higher bandwidths and input/output 40 

operations per second (IOPS) than typical electromechanical 
disk drives. More importantly, it is especially rugged and can 
operate at a much high temperature range. It will withstand 
without adverse effects repeated drops, each of which would 
destroy a typical electromechanical hard disk drive. A prob- 45 

!em exhibited by flash memory is that it tends to have a limited 
life in use. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a storage control system with power throttling 
mechanism in an embodiment of the present invention. 

FIG. 2 is an exemplary hardware block diagram of the main 
memory controller. 

FIG. 3 is a first exemplary block diagram of power mea­
surement for the power throttling mechanism. 

FIG. 4 is a second exemplary block diagram of power 
measurement for the power throttling mechanism. 

FIG. 5 is a third exemplary block diagram of power mea­
surement for the power throttling mechanism. 

FIG. 6 is a fourth exemplary block diagram of power mea­
surement for the power throttling mechanism. 

FIG. 7 is a fifth exemplary block diagram of power mea­
surement for the power throttling mechanism. 

FIG. 8 is a first exemplary block diagram of bus speed 
control. 

FIG. 9 is a second exemplary block diagram of the bus 
speed control. 

FIG. 10 is a flow chart of the main memory controller of 
FIG. 1. 

FIG.11 isa thirdexemplaryblockdiagramofthe bus speed 
control. 

FIG.12 is a flow chart of a method of operation of a storage 
control system in a further embodiment of the present inven­
tion. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

Thus, a need still remains for better data management 
devices. In view of the increasing demand for data manage­
ment devices, it is increasingly critical that answers be found 50 

to these problems. In view of the ever-increasing commercial 
competitive pressures, along with growing consumer expec­
tations and the diminishing opportunities for meaningful 
product differentiation in the marketplace, it is critical that 
answers be found for these problems. Additionally, the need 

The following embodiments are described in sufficient 
55 detail to enable those skilled in the art to make and use the 

to reduce costs, improve efficiencies and performance, and 
meet competitive pressures adds an even greater urgency to 
the critical necessity for finding answers to these problems. 

Solutions to these problems have been long sought but 
prior developments have not taught or suggested any solu- 60 

tions and, thus, solutions to these problems have long eluded 
those skilled in the art. 

DISCLOSURE OF THE INVENTION 

invention. It is to be understood that other embodiments 
would be evident based on the present disclosure, and that 
system, process, or mechanical changes may be made without 
departing from the scope of the present invention. 

In the following description, numerous specific details are 
given to provide a thorough understanding of the invention. 
However, it will be apparent that the invention may be prac­
ticed without these specific details. In order to avoid obscur­
ing the present invention, some well-known circuits, system 

65 configurations, and process steps are not disclosed in detail. 
The present invention provides a method of operation of a 

storage control system, including: receiving a host command 
The drawings showing embodiments of the system are 

semi-diagrammatic and not to scale and, particularly, some of 
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the dimensions are for the clarity of presentation and are 
shown exaggerated in the drawing FIGS. 

4 
takes to execute a given operation (which changes over the 
life of a drive), or controller limitations or execution of com­
mands. Where multiple embodiments are disclosed and described 

having some features in common, for clarity and ease of 
illustration, description, and comprehension thereof, similar 5 

and like features one to another will ordinarily be described 
with similar reference numerals. The embodiments have been 
numbered first embodiment, second embodiment, etc. as a 
matter of descriptive convenience and are not intended to 
have any other significance or provide limitations for the 
present invention. 

In general, predetermined limits are set at design time for 
firmware to schedule a given number of operations. The cur­
rent method runs into real difficulties when recycling, wear 
leveling, general housekeeping, or other functions run in the 
background change the load on the NAND. The current 
method also does not take into account the effects of tempera-

l O ture or NAND age when setting these fixed throttling limits. 
More dramatically than hard disk drives, an amount of 

power that an SSD consumes varies with an amount of host 
(and internal) activity. This power difference in many cases 

The term "module" referred to herein can include software, 
hardware, or a combination thereof in the present invention in 
accordance with the context in which the term is used. For 
example, the software can be machine code, firmware, 
embedded code, and application software. Also for example, 
the hardware can be circuitry, processor, computer, integrated 
circuit, integrated circuit cores, a microelectromechanical 
system (MEMS), passive devices, environmental sensors 
including temperature sensors, or a combination thereof. 

The term "erase block" referred to herein is defined as a 
group of pages, which is the smallest number of pages that are 
erased at one time. The term "page" referred to herein is 
defined as a memory component within an erase block that is 
programmed as an individual unit. The page is a smallest 
group of data bytes that are read from or written to in an erase 
block. 

The term "error correction code" (ECC) referred to herein 
is defined as parity data generated over a set of data grouped 
into a code word. The term "code word" referred to herein is 
defined as a group of data bytes covered by a single of mul­
tiple ECC parity words. 

The term "solid state disk drive" (SSD) referred to herein is 
defined as a type of devices that use non-volatile memories. 
For example, a drive or an SSD is a type of devices that use a 
non-volatile memory including NAND flash as a storage 
medium. 

The term "point ofload" (POL) referred to herein is defined 

15 exceeds two times an idle current for the drive. Additionally, 
the power usage can be very abrupt and cause power spikes 
that can create supply voltage transients that can overwhelm 
a host environment or otherwise exceed the regulation capa­
bility of the host power system and take other subsystems 

20 offline. 
Referring now to FIG. 1, therein is shown a storage control 

system 100 with power throttling mechanism in an embodi­
ment of the present invention. FIG. 1 depicts a system level 
block diagram of the storage control system 100. This figure 

25 can represent a hardware architecture of an SSD. The storage 
control system 100 can include bus power throttling of SSD. 

The storage control system 100 includes drive level com­
ponents. The drive level components includes a section for a 
main power supply unit 102 for providing power supplies to 

30 a main memory controller 104 and non-volatile memory 
devices 106. The main memory controller 104 including a 
NAND controller includes a processor 108, device control­
lers (not shown), and memory controllers (not shown). The 
processor 108 including a central processing unit (CPU) is 

35 used to execute a firmware 110. 

as a regulator, which creates a load's needed voltage located 40 

physically near the load, as opposed to a single, larger regu­
lator that supplies power to all subsystems or loads. 

The device controllers interface with and control the non­
volatile memory devices 106 including NAND flash. 
Although the embodiments described herein refer to using 
NAND for the non-volatile memory devices 106, it is under­
stood that the embodiments are not limited to using NAND as 
a memory storage device, which can be monitored and con-
trolled by the main memory controller 104. For example, the 
non-volatile memory devices 106 include but are not limited 
to Magnetoresistive random-access memory (MRAM), Fer­
roelectric RAM (FRAM), and phase-change memory (PCM). 

The term "real time measurements" referred to herein is 
defined as a process for data collected from hardware, soft­
ware, or a combination thereof. The real time measurements 45 

represent current states of operation and characteristics of a 
drive. 

The memory controllers control and interface with a buffer 
block 112, which is a memory device. For example, in some 
cases, the buffer block 112 is an external block of memory for 
tabling and storing data or an array of NAND memory 

The term "open loop" referred to herein is defined as run 
time adjustments made based on pre-formed tables and 
operation counts, without monitoring hardware current or 
power. The term "closed loop" referred to herein is defined as 
run time adjustments made by monitoring operations 
dynamically as a drive runs. The term "ADC" referred to 
herein is defined as an analog to digital converter. 

The term "poll" referred to herein is defined as a sampling 
method used in software to monitor a status of an event. The 
term "bus speed" referred to herein is defined as a data rate on 
a data bus during a data transfer phase of operation. For 
example, the bus speed can be a data rate on a NAND flash 
bus. 

Currently, power throttling is performed in a very static 
way. A typical drive is run and the power is measure for a 
given performance and workload. From a static power mea­
surement, firmware levels are set to limit a number of out­
standing operations that can be executed at a given time. This 
method does not take into account differences in powers 
consumed between different drives, an amount of time a flash 

50 devices. Also for example, the buffer block 112 includes 
memory and data buffers. Further, for example, the buffer 
block 112 can include dynamic random access memory 
(DRAM) or any other volatile memories. 

The storage control system 100 includes a number ofbus-
55 ses or channels 114 with each of the channels 114 having a 

number of the non-volatile memory devices 106 including 
NAND flash devices behind it. There are a number of ways of 
distributing the data across the channels 114. For example, 
the data can be distributed using a simple redundant array of 

60 independent disks (RAID) 0 stripe. For example, FIG. 1 
shows five of the channels 114, although it is understood that 
there can be any number of the channels 114. 

The main memory controller 104 includes an ECC encoder 
116 and an ECC decoder 118. The ECC encoder 116 gener-

65 ates ECC parity data for a set of data grouped into a code word 
to be stored in the non-volatile memory devices 106. The 
ECC decoder 118 receives and checks ECC parity data for 
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data from the non-volatile memory devices 106. The main 
memory controller 104 interfaces with a host system 120. 

In this configuration, there is no power feedback from any 
of the components. The main power supply unit 102 is a 
self-contained unit that generates and provides power for all 5 

of the components of the drive based on or sourced by a main 
host power input from the host system 120. The main power 
supply unit 102 provides a core voltage 122 and an input/ 
output voltage 124 to the main memory controller 104 and the 
non-volatile memory devices 106. 10 

For illustration purposes, only the powers from the main 
power supply unit 102 are shown, although it is understood 
that there can be other power signals in the storage control 
system 100. For example, the storage control system 100 can 15 
include power feedback signals from any of the components 
and most importantly a bank of the non-volatile memory 
devices 106 including NAND memory devices. 

6 
nations. The external sources and the external destinations 
refer to sources and destinations external to the main memory 
controller 104. 

The storage interface 214 can include different implemen­
tations depending on which functional units or external units 
are being interfaced with the storage unit 204. The storage 
interface 214 can be implemented with technologies and 
techniques similar to the implementation of the control inter­
face 210. 

The memory interface unit 206 can enable external com­
munication to and from the main memory controller 104. For 
example, the memory interface unit 206 can permit the main 
memory controller 104 to communicate with the non-volatile 
memory devices 106 of FIG. 1. 

The memory interface unit 206 can include a memory 
interface 216. The memory interface 216 can be used for 
communication between the memory interface unit 206 and 
other functional units in the main memory controller 104. The 
memory interface 216 can receive information from the other 
functional units or can transmit information to the other func­
tional units. 

Referring now to FIG. 2, therein is shown an exemplary 
hardware block diagram of the main memory controller 104. 20 

The main memory controller 104 can include a control unit 
202, a storage unit 204, a memory interface unit 206, and a 
host interface unit 208. The control unit 202 can include a 
control interface 210. The control unit 202 can execute a 
software 212 stored in the storage unit 204 to provide the 
intelligence of the main memory controller 104. 

The memory interface 216 can include different imple­
mentations depending on which functional units are being 
interfaced with the memory interface unit 206. The memory 

25 interface 216 can be implemented with technologies and 
techniques similar to the implementation of the control inter­
face 210. The control unit 202 can be implemented in a number of 

different manners. For example, the control unit 202 can be a 
processor, an embedded processor, a microprocessor, a hard­
ware control logic, a hardware finite state machine (FSM), a 
digital signal processor (DSP), or a combination thereof. 

The control interface 210 can be used for communication 
between the control unit 202 and other functional units in the 
main memory controller 104. The control interface 210 can 
also be used for communication that is external to the main 
memory controller 104. 

The control interface 210 can receive information from the 
other functional units or from external sources, or can trans­
mit information to the other functional units or to external 
destinations. The external sources and the external destina­
tions refer to sources and destinations external to the main 
memory controller 104. 

The control interface 210 can be implemented in different 
ways and can include different implementations depending 

The host interface unit 208 allows the host system 120 of 
FIG. 1 to interface and interact with the main memory con-

30 trailer 104. The host interface unit 208 can include a host 
interface 218 to provide communication mechanism between 
the host interface unit 208 and the host system 120. 

The control unit 202 can operate the host interface unit 208 
to send control or status information generated by the main 

35 memory controller 104 to the host system 120. The control 
unit 202 can also execute the software 212 for the other 
functions of the main memory controller 104. The control 
unit 202 can further execute the software 212 for interaction 
with the non-volatile memory devices 106 via the memory 

40 interface unit 206. 
The functional units in the main memory controller 104 

can work individually and independently of the other func­
tional units. For illustrative purposes, the main memory con­
troller 104 is described by operation of the main memory 

45 controller 104 with the host system 120 and the non-volatile 
memory devices 106. It is understood that the main memory 
controller 104, the host system 120, and the non-volatile 
memory devices 106 can operate any of the modules and 

on which functional units or external units are being inter­
faced with the control interface 210. For example, the control 
interface 210 can be implemented with a dedicated hardware 
including an application-specific integrated circuit (ASIC), a 
configurable hardware including a field-programmable gate 50 

array (FPGA), a discrete electronic hardware, or a combina­
tion thereof. 

functions of the main memory controller 104. 
Referring now to FIG. 3, therein is shown a first exemplary 

block diagram of power measurement for the power throttling 
mechanism. FIG. 3 depicts a high-level block diagram or a 
top system level architecture of an SSD with a dynamic power 
control mechanism for the main memory controller 104. The 

The storage unit 204 can include both hardware and the 
software 212. For example, the software 212 can include 
control firmware. The storage unit 204 can include a volatile 
memory, a nonvolatile memory, an internal memory, an exter­
nal memory, or a combination thereof. For example, the stor-
age unit 204 can be a nonvolatile storage such as non-volatile 
random access memory (NVRAM), Flash memory, disk stor­
age, or a volatile storage such as static random access memory 
(SRAM). 

The storage unit 204 can include a storage interface 214. 
The storage interface 214 can also be used for communication 
that is external to the main memory controller 104. The stor-

55 diagram in FIG. 3 shows a high-level block diagram of an 
SSD with a process that reports a total drive power used in the 
SSD to the main memory controller 104. 

As an SSD goes through different phases of operations 
including recycling, wear leveling, spare pool and over pro-

60 visioning resource management, and differing host work­
loads, the drive can require or utilize differing amounts of 
power. Most host systems restrict an amount of current, 
including average and peak currents, which a drive is allowed 
to use. 

age interface 214 can receive information from the other 65 

functional units or from external sources, or can transmit 
information to the other functional units or to external desti-

Some systems today employ a very static method for power 
level control by limiting a number of parallel or concurrent 
operations to fixed values. The embodiments described 
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device. As a result, power spikes that create supply voltage 
transients are eliminated thereby improving the reliability. 

herein take power control to the next level by having hard­
ware, the firmware 110 ofFIG.1 (or the software 212 of FIG. 
2), or a combination thereof to adjust operations of the drive 
based on "real time measurements". 

The embodiments described herein outline additions and 
modifications to controller architectures to allow the drive to 
dynamically adjust its internal operations to limit or throttle 
average and instantaneous power draws. FIG. 3 is a high-level 
block diagram that demonstrates power measurement per­
formed at a system level. As will be described later, FI GS. 4-7 
show monitoring power usage of the non-volatile memory 
devices 106. Any combination of architectures shown by 
FIGS. 3-7 provides a power smart Solid State Drive (SSD). 

Referring now to FIG. 4, therein is shown a second exem­
plary block diagram of power measurement for the power 

5 throttling mechanism. FIG. 4 depicts a two-level power sen­
sor implementation for firmware controlled power throttling. 

FIG. 4 depicts a two-bit reporting implementation for the 
electrical power 310. For example, the electrical power 310 
can fall into three categories including under, over, or 

10 between predetermined reference voltage levels. 
Two inputs, an under-current signal 402 and an over-cur­

rent signal 404, shown in FIG. 4 can be polled by the software 
212 or used to drive interrupt processes in the software 212 to There are two methods described herein to construct the 

dynamic power control mechanism or dynamic current/ 
power throttling for the main memory controller 104. A first 
method is to employ a set of external circuitry that is added to 

15 make changes to a runtime process to throttle performance. 

the main memory controller 104 that allows the firmware 110 
to make run-time decisions on the current/power throttling, as 
shown in FIG. 3. A second method of the current/power 20 

throttling allows the main memory controller 104 to resolve 
more power levels but also requires more input/output (I/O) 
pins, as subsequently shown in FIGS. 4-7. 

These input signals are not used to change the operations 
associated with the non-volatile memory devices 106 but 
instead are used to control bus transfer speeds of the non-
volatile memory devices 106. 

The two inputs can be sent to the main memory controller 
104 for the power throttling mechanism associated with the 
run time with the power measurement to control and/or limit 
a run time power or the electrical power 310. The under­
current signal 402 and the over-current signal 404 indicate FIG. 3 depicts the core voltage 122 supplied by the main 

power supply unit 102. The core voltage 122 provides power 
to the non-volatile memory devices 106 and the main memory 
controller 104. For example, the core voltage 122 can be a 
NAND core voltage supply or a direct current (DC) power 
supply. 

25 when the current-sense voltage signal 308 from the current­
to-voltage converter 306 are below and above, respectively, 
predetermined reference voltage levels. The under-current 
signal 402 and the over-current signal 404 are external to the 

The storage control system 100 of FIG. 1 includes a current 30 

sensor 302, which is a device that detects an electrical current 

main memory controller 104. 
The storage control system 100 of FIG. 1 includes an 

under-current level comparator 408 and an over-current level 
comparator 410, which are devices that compare the current­
sense voltage signal 308 from the current-to-voltage con­
verter 306 to the voltage thresholds. The comparison is per-

in a wire. The current sensor 302 generates a sensed current 
304, which is a signal proportional to an electrical current 
provided by a power supply. The sensed current 304 can be an 
analog current signal. The sensed current 304 can then be 
utilized by a current-to-voltage converter 306. For example, 
the current-to-voltage converter 306 can be a trans-imped­
ance amplifier. 

35 formed to determine whether the sensed current 304 from the 

The current-to-voltage converter 306 generates a current­
sense voltage signal 308 and sends it to the main memory 40 

controller 104. An increase of the current-sense voltage signal 
308 indicates an increase of electrical power 310 of the stor-
age control system 100. The electrical power 310 represents a 
total power drawn or consumed by the non-volatile memory 
devices 106, the main memory controller 104, and other drive 45 

level components 312 of the storage control system 100. 
The electrical power 310 indicates power consumed by the 

drive level components through different phases of operations 
in the drive. The main memory controller 104 monitors the 
current-sense voltage signal 308 for the power throttling 50 

mechanism associated with the run time with the power mea­
surement to control and/or limit a run time power or the 
electrical power 310. 

The current sensor 302 also provides the core voltage 122 
to the non-volatile memory devices 106, the main memory 55 

controller 104, and any of the drive level components 312. 
The core voltage 122 can be an analog voltage that is linearly 
proportional to the electrical current provided by the main 
power supply unit 102. The core voltage 122 can be a system­
level supply or a power supply input to the main memory 60 

controller 104 and a number of the non-volatile memory 
devices 106 including a NAND media array. 

It has been discovered that monitoring the current-sense 
voltage signal 308 based on the sensed current 304 to deter­
mine the electrical power 310 provides improved reliability 65 

because the monitoring allows a media controller to dynami­
cally adjust the run time power usage of a solid state storage 

current sensor 302 is below or above the predetermined ref­
erence voltage levels. 

The under-current level comparator 408 and the over-cur­
rent level comparator 410 compare the current-sense voltage 
signal 308 to an under-current voltage level 412 and an over­
current voltage level 414 to generate the under-current signal 
402 and the over-current signal 404, respectively. The under­
current signal 402 and the over-current signal 404 are asserted 
to an active state when the current-sense voltage signal 308 is 
below and above the under-current voltage level 412 and the 
over-current voltage level 414, respectively. 

The under-current voltage level 412 and the over-current 
voltage level 414 are the predetermined reference voltage 
levels. For example, each of the under-current voltage level 
412 and the over-current voltage level 414 can be imple­
mented with a voltage divider using a pair of resistors con­
nected together in series, where one end of one of the resistors 
is connected to power and one end of another of the resistors 
is connected to ground. 

The current sensor 302 also provides the core voltage 122 
to the non-volatile memory devices 106. The core voltage 122 
is supplied by the main power supply unit 102. 

It has been discovered that comparing the current-sense 
voltage signal 308 to the under-current voltage level 412 of 
FIG. 4 and the over-current voltage level 414 to determine the 
electrical power 310 provides improved reliability because 
the comparing allows an instantaneous electrical current 
(power) measurement as a means to control future electrical 
current usage. As a result, power spikes that overwhelm a host 
environment are eliminated. 

Referring now to FIG. 5, therein is shown a third exemplary 
block diagram of power measurement for the power throttling 
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mechanism. FIG. 5 depicts a detailed exemplary block dia­
gram of an electrical current monitoring hardware. 

The firmware and the hardware in the main memory con­
troller 104 are implemented to affect input/output (I/0) 
scheduling of the non-volatile memory devices 106 of FIG. 1 5 

to regulate an average current 502 (Iavg), a peak current 504 
(Ipeak), or a combination thereof. The hardware or the soft­
ware ( or the firmware 110 of FIG. 1) can compare the average 
current 502 and the peak current 504 to configurable thresh­
olds for the power throttling mechanism associated with the 10 

run time with the power measurement to control and/or limit 
a run time power or the electrical power 310. 

When the average current 502 and the peak current 504 
exceed the configurable thresholds, a clipping event occurs. 
The clipping event refers to a method by which parallel I/0 15 

operations are reduced or limited to a configurable maximum 
value. The hardware or the software calculates a ratio of time 
506 when the clipping event occurs. For example, the ratio of 
time 506 can be calculated to be any value including 95% of 

10 
using a second resistor 522 and a second capacitor 524 con­
nected together in parallel. Another end of the second resistor 
522 and another end of the second capacitor 524 are con-
nected together to one end of the diode. The sensed current 
304 flows through another end of the diode. 

The peak current 504 is at a node where the second resistor 
522 and the second capacitor 524 are connected. The peak 
current 504 is determined based on a sum of branch currents 
through the second resistor 522 and the second capacitor 524. 

In FIG. 5, there are two bits of information including the 
average current 502 and the peak current 504. The average 
current 502 and the peak current 504 can be used to determine 
three categories of information. One of the categories can 
indicate that both the average current 502 and the peak current 
504 do not exceed the average current ceiling 508 and the 
peak current ceiling 510, respectively. 

Another of the categories can indicate that the average 
current 502 exceeds the average current ceiling 508. Another 
of the categories can indicate that the peak current 504 

the time or just 1 % of the time. 
Based on the ratio of time 506, the hardware or the software 

scales back or reduces a number of the parallel I/0 operations 
to control or reduce the average current 502. Based on the 
ratio of time 506, the hardware or the software scales back or 
reduces the number of the parallel I/0 operations and 
increases time between launching the parallel I/0 operations 
to the non-volatile memory devices 106 to scale back or 
reduce the peak current 504. 

20 exceeds the peak current ceiling 510. When neither the aver­
age current ceiling 508 nor the peak current ceiling 510 is 
exceeded, the number of the channels 114 can be increased to 
enhance the performance or throughput since the current 
value of the electrical power 310 is below a predetermined 

25 maximum power level. 
It has been discovered that comparing the average current 

502 to the average current ceiling 508 and the peak current 
504 to the peak current ceiling 510 to determine the electrical 
power 310 provides improved reliability because the compar-Throttling of the parallel I/0 operations is engaged quickly 

(or fast attack) and removed slowly (or slow decay). The goal 
is to be able to have a mode page parameter tweakable or 
configurable by a user. The mode page parameter includes an 
average current ceiling 508 and a peak current ceiling 510, 
which are the configurable thresholds of the average current 
502 and the peak current 504, respectively. 

30 ing eliminates power spikes that exceed the regulation capa­
bility of the host power system thereby improving the reli­
ability. 

Referring now to FIG. 6, therein is shown a fourth exem­
plary block diagram of power measurement for the power 

35 throttling mechanism. FIG. 6 depicts a full power level detec­
tion for hardware controlled power throttling. FIG. 6 illus­
trates an isolation of a power of the non-volatile memory 
devices 106 from a power required from remaining compo­
nents of the SSD. 

When the average current 502 and the peak current 504 
exceed the average current ceiling 508 and the peak current 
ceiling 510, respectively, the number of the parallel I/0 
operations, the time between launching the parallel I/0 opera­
tions, or a combination thereof can be controlled. As a result, 40 

the average current 502 and the peak current 504 are scaled 
back to be below the average current ceiling 508 and the peak 
current ceiling 510, respectively. 

FIG. 5 depicts a host system power supply or the main 
power supply unit 102 providing a host voltage or the core 45 

voltage 122 to a current measurement hardware 512. The 
current measurement hardware 512 includes the current sen-
sor 3 02, denoted as Hl, for generating the sensed current 3 04. 
The sensed current 304 indicates a current consumed by the 
SSD, denoted as I_SSD. The core voltage 122 is also provided 50 

to point-of-load regulators 514 and the drive level compo­
nents 312 including the non-volatile memory devices 106, the 
main memory controller 104, and other power consumer 
components. 

The average current 502 can be determined by implement- 55 

ing a series resistor-capacitor circuit using a first resistor 516 
and a first capacitor 518 connected together in series. The first 
resistor 516 and the first capacitor 518 are denoted as Rl and 
Cl, respectively. The sensed current 304 flows through one 
end of the first resistor 516 and one end of the first capacitor 60 

518 is connected to ground. The average current 502 is at a 
node where the first resistor 516 and the first capacitor 518 are 
connected. 

The peak current 504 can be determined by implementing 
an envelope detector or an amplitude demodulator/detector 65 

circuit. The envelope detector can be implemented with a 
diode 520 connected to a parallel resistor-capacitor circuit 

The storage control system 100 of FIG. 1 includes an 
analog-to-digital converter 602, which is a device that con­
verts a continuous physical quantity to a digital number that 
represents the quantity's amplitude. The conversion involves 
quantization of the continuous physical quantity. The analog­
to-digital converter 602 receives the current-sense voltage 
signal 308 from the current-to-voltage converter 306. 

The analog-to-digital converter 602 generates a power 
level value 604 by converting the current-sense voltage signal 
308 from an analog signal to a digital signal. The main 
memory controller 104 samples the power level value 604 for 
the power throttling mechanism associated with the run time 
with the power measurement to control and/or limit a run time 
power or the electrical power 310. 

The current-to-voltage converter 306 receives the sensed 
current 304 from the current sensor 302, which receives the 
electrical current from the main power supply unit 102 that 
provides the core voltage 122. The current sensor 302 also 
provides the core voltage 122 supplied by the main power 
supply unit 102 to the non-volatile memory devices 106. 

It has been discovered that generating the power level value 
604 to determine the electrical power 310 provides improved 
reliability. The reliability is improved because the power level 
value 604 is used for the power throttling mechanism associ­
ated with the run time with the power measurement to control 
and/or limit a run time power or the electrical power 310. 
Thus, power spikes that take subsystems offline are elimi-
nated. 
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ing an amount of time the data transfers take for operations of 
the non-volatile memory devices 106. 

Because each data bus or each of the channels 114 is shared 
with a number of the non-volatile memory devices 106, the 

Referring now to FIG. 7, therein is shown a fifth exemplary 
block diagram of power measurement for the power throttling 
mechanism. FIG. 7 depicts a full power level detection for 
hardware-controlled power throttling mechanism imple­
mented internally in the main memory controller 104. 

FIG. 7 illustrates a section of a system level design that is 
used to measure electrical power or current moved inside the 
main memory controller 104 including an application-spe­
cific integrated circuit (ASIC) NAND controller. The section 

5 data bus is shared. For example, the bus interface can be a 
NAND bus interface. The sharing of the data bus limits a 
number of the operations. A single controlling bus for a given 
channel can be busy longer but with fewer of the operations 

is implemented within the main memory controller 104 to 10 

reduce the overall footprint for the implementation of the 
main memory controller 104. The section moved inside the 
main memory controller 104 also goes a long way to reducing 
errors due to component changes and hardware construction. 

The section includes the analog-to-digital converter 602, 15 

the current-to-voltage converter 306, and the current sensor 
302. The current sensor 302 monitors the electrical current 
from the main power supply unit 102 that provides the core 
voltage 122. The current sensor 302 also provides the core 
voltage 122 supplied by the main power supply unit 102 to the 20 

non-volatile memory devices 106. 
The analog-to-digital converter 602 generates a trigger 

interrupt 702 as an input to the main memory controller 104. 
The trigger interrupt 702 is asserted to an active state when the 
power level value 604 is greater than a power threshold 704, 25 

which is a predetermined numerical value used as a reference 
for comparison purposes. 

When the trigger interrupt 702 is active, the main memory 
controller 104 limits a run time power or the electrical power 
310 using the power throttling mechanism. The main memory 30 

controller 104 can sample the power level value 604 for the 
power throttling mechanism associated with the run time with 
the power measurement to control and/or limit a run time 
power or the electrical power 310. 

It has been discovered that generating the power level value 35 

604 to determine the electrical power 310 and asserting the 
trigger interrupt 702 when the power level value 604 is greater 
than the power threshold 704 provide improved reliability. 
The reliability is improved because the power level value 604 
is used for the power throttling mechanism associated with 40 

the run time with the power measurement to control and/or 
limit a run time power or the electrical power 310. Thus, 
power spikes that take subsystems offline are eliminated. 

It has also been discovered that the section of a system level 
design that is used to measure the electrical power 310 by 45 

generating the power level value 604 and the trigger interrupt 
702 within the main memory controller 104 significantly 
reduces the overall footprint for the implementation of the 
main memory controller 104. Furthermore, the section 
moved inside the main memory controller 104 also goes a 50 

long way to reducing errors due to component changes and 
hardware construction. 

Referring now to FIG. 8, therein is shown a first exemplary 
block diagram of bus speed control. FIG. 8 depicts a full 
hardware or hardware-only implementation of a hardware 55 

control system for the bus speed control of a number of banks 
of the non-volatile memory devices 106. The bus speed con-
trol provides the power throttling mechanism associated with 
the run time with the power measurement to control and/or 
limit a run time power or the electrical power 310 of FIG. 3. 60 

The embodiments described herein include the power 
throttling mechanism associated with the run time with the 
power measurement to control and/or limit a run time power 
or the electrical power 310. The embodiments include the 
power throttling mechanism by controlling data transfers 65 

from or to the non-volatile memory devices 106 to control the 
electrical power 310. The power usage is adjusted by adjust-

per unit time. The channels 114 can be bus interfaces con­
nected to the non-volatile memory devices 106. 

Additionally, a large portion of the electrical power 310 is 
directly related to the data transfers in the channels 114. The 
electrical power 310 can be adjusted by slowing or even 
pausing the data transfers in the channels 114 until the elec­
trical power 310 drops or decreases to a predetermined 
acceptable level. 

Bus speeds 802 of the data transfers can be controlled by 
the software 212 of FIG. 2 (as subsequently described in FIG. 
9) or directly by hardware as described in FIG. 8. The bus 
speeds 802 are rates at which electrical signals are transmitted 
through bus interfaces or the channels 114. The bus speeds 
802 can be based on a number of synchronous clocks that 
provide timing for data signals transferred in the channels 
114. For illustrative purposes, there are three of the channels 
114 shown in FIG. 8, although it is understood that there can 
be any number of the channels 114 operating independently 
from each other. 

The hardware block diagram in FIG. 8 shows the full 
hardware implementation of bus speed throttling. The soft­
ware 212 can be able to access power limit registers 804, 
which are hardware storage elements used for controlling or 
throttling the electrical power 310. The power limit registers 
804 can be implemented with volatile memory devices, non­
volatile memory devices, or any other storage elements. 

The power limit registers 804 are used to set limit values 
and alert levels of the electrical power 310. The power limit 
registers 804 indicate power reference levels, to which the 
electrical power 310 is compared. The main memory control­
ler 104 increases or decreases the bus speeds 802 when the 
current value of the electrical power 310 is below or above, 
respectively, values in the power limit registers 804. The 
values in the power limit registers 804 can be used to initialize 
or set the under-current voltage level 412 of FIG. 4, the 
over-current voltage level 414 of FIG. 4, the average current 
ceiling 508 of FIG. 5, the peak current ceiling 510 of FIG. 5, 
and the power threshold 704 of FIG. 7. 

FIG. 8 depicts a power measurement hardware 806 that is 
used to determine a current value of the electrical power 310 
consumed by the storage control system 100 of FIG. 1. The 
electrical power 310 is a numerical value associated with a 
rate at which electric energy. The electrical power 310 indi-
cates an instantaneous power usage or a run-time power usage 
of a solid state storage device in the storage control system 
100. 

The power measurement hardware 806 can be imple­
mented with the current sensor 302 of FIG. 3, the current-to­
voltage converter 306 of FIG. 3, the under-current level com­
parator 408 of FIG. 4, the over-current level comparator 410 
ofFIG. 4, or a combination thereof to read the current value of 
the electrical power 310. The power measurement hardware 
806 can also be implemented with the current measurement 
hardware 512 of FIG. 5, the analog-to-digital converter 602 of 
FIG. 6, or a combination thereof to read the current value of 
the electrical power 310. 

The main memory controller 104 includes a power monitor 
controller 808 to adjust the bus speeds 802. The power moni­
tor controller 808 adjusts the bus speeds 802 by determining 
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a speed control value 810, which is a numerical value of data 
transfer rates. The power monitor controller 808 is used for 
bus speed throttling. 

14 
trol. A hardware block diagram in FIG. 9 shows a hardware 
assist implementation of the bus speed throttling. The bus 
speed control provides the power throttling mechanism asso­
ciated with the run time with the power measurement to The speed control value 810 is determined based on the 

current value of the electrical power 310 measured by the 
power measurement hardware 806. A decrease or an increase 
in the current value of the electrical power 310 increases or 
decreases, respectively, the speed control value 810. 

5 control and/or limit a run time power or the electrical power 
310 of FIG. 3. 

The main memory controller 104 includes transfer blocks 
812 to interface with the non-volatile memory devices 106 10 

using the channels 114. Each of the transfer blocks 812 is 
separately connected to one of the channels 114. The transfer 
blocks 812 send and receive memory data 814 to and from, 
respectively, the non-volatile memory devices 106. The trans-
fer blocks 812 send and receive the memory data 814 at the 15 

bus speeds 802 controlled based on the speed control value 
810. The transfer blocks 812 can include transfer engines 
with predetermined variable bus speed control. 

For illustrative purposes, each of the transfer blocks 812 
are shown to receive the same value for the speed control 20 

value 810, although it is understood that the speed control 
value 810 can be different for each of the transfer blocks 812. 
The speed control value 810 can be any numerical values. 

The software 212 of FIG. 2 can be able to read an instan-
taneous power value or the current value of the electrical 
power 310, apply the value to preset the power limit registers 
804, and adjust the bus speeds 802 to influence or control an 
operating power or the electrical power 310. The values in the 
power limit registers 804 can be software limits configured by 
the software 212. For example, the power limit registers 804 
can be implemented in a software limit values table, which is 
a structure for storing and providing a set of power limit and 
alert values. 

This diagram shows a multidrop control structure that 
allows the firmware 110 ofFIG.1 to issue a bus speed change 
to one or more device controllers or the transfer blocks 812 
with one instruction. The device controllers are for interfac­
ing and managing operations of banks of the non-volatile 
memory devices 106 including flash memories. 

With this implementation, the firmware 110 can elect to 
have different channels or any number of the channels 114 For write operations, the transfer blocks 812 receive write 

data 816 from signal generators 818 in the main memory 
controller 104. The write data 816 are information associated 
with storage or management of the non-volatile memory 
devices 106. 

The main memory controller 104 includes the host inter­
face unit 208 of FIG. 2 for interfacing with and receiving 
information from the host system 120 of FIG. 1. The infor­
mation incoming from the host system 120 includes host 
commands 822 and host data 824. The host interface unit 208 
stores the host commands 822 and the host data 824 into a 
cache memory and sends a response to the host system 120. 

25 running at different speeds or the bus speeds 802 to balance 
the load. This control structure can also allow the bus speeds 
802 to be changed during active transfers or at the beginning 
of transfers. This approach to bus speed control is the least 
complicated and requires very little hardware to implement. 

30 Being firmware-based implementation, tuning algorithms 
can be developed and deployed to drives that are already at a 
customer site as a firmware upgrade. 

The main memory controller 104 includes a power monitor 
module 902 to control the bus speeds 802. The power monitor 

The main memory controller 104 includes the power mea­
surement hardware 806 for reading a current value of the 
electrical power 310 supplied by the host system 120 in 
response to the host commands 822. The electrical power 310 
indicates the instantaneous power usage or a run-time power 
usage 826 of a solid state storage device in the storage control 
system 100. The run-time power usage 826 is an actual value 

35 module 902 sets the next value of the electrical power 310 for 
one or more of the channels 114 in parallel. The power moni­
tor module 902 adjusts the next value of the electrical power 
310 by controlling the bus speeds 802 of the channels 114. 

The power monitor module 902 controls the bus speeds 
40 802 by determining speed control values 904 based on the 

current value of the electrical power 310 measured by the 
power measurement hardware 806. The speed control values 
904 are numerical values of data transfer rates. of the electrical power 310 that is consumed by the drive level 

components 312 ofFIG. 3 including the non-volatile memory 
devices 106 at a specific instance of time during the drive's 45 

operation. 

A decrease or an increase in the current value of the elec­
trical power 310 increases or decreases, respectively, the 
speed control values 904. The speed control values 904 are 
input to the transfer blocks 812. The speed control values 904 
can be the same for any number of the transfer blocks 812. 
The speed control values 904 can be different resulting in the 

It has been discovered that adjusting the bus speeds 802 
based on the current value of the electrical power 310 for 
controlling the data transfer through the channels 114 pro­
vides improved reliability. The reliability is improved 
because one of the biggest values of the current embodiments 
that bring to drive operations is the limiting of power spikes 

50 bus speeds 802 to be different for any number of the transfer 
blocks 812. 

not allow by the host system 120, of power levels that are in 
excess of the capabilities of the host power supply. 

It has also been discovered that decreasing the bus speeds 55 

802 when the current value of the electrical power 310 is 
above values in the power limit registers 804 and increasing 
the bus speeds 802 when the current value of the electrical 
power 310 is below the values in the power limit registers 804 
provide improved reliability. The reliability is improved 60 

because one of the biggest values of the current embodiments 
that bring to drive operations is the limiting of power spikes 
not allow by the host system 120, of power levels that are in 
excess of the capabilities of the host power supply. 

Referring now to FIG. 9, therein is shown a second exem- 65 

plary block diagram of the bus speed control. FIG. 9 depicts 
a software monitored control system for the bus speed con-

The power monitor module 902 generates bus speed enable 
bits 906, which are information used for latching or storing 
the speed control values 904 to bus speed resisters 908. The 
bus speed resisters 908 provide the speed control values 904 
to the transfer blocks 812. For write operations, the transfer 
blocks 812 receive the write data 816 from the signal genera­
tors 818 in the main memory controller 104. The bus speed 
enable bits 906 can be stored in a register or a storage element 
having bus speed latch enable bit fields. 

Functions or operations of the main memory controller 104 
as described above can be implemented in hardware, soft­
ware, or a combination thereof. The main memory controller 
104 can be implemented with the control unit 202 of FIG. 2, 
the storage unit 204 of FIG. 2, the memory interface unit 206 
of FIG. 2, the host interface unit 208 of FIG. 2, or a combi­
nation thereof. 
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For example, the power monitor module 902 can be imple­
mented with the control unit 202 to adjust the next value of the 
electrical power 310 by controlling the bus speeds 802 of the 
channels 114 and generate the bus speed enable bits 906. 

16 
of the electrical power 310 consumed by the non-volatile 
memory devices 106 of FIG. 1, the main memory controller 
104, any of the drive level components 312 of FIG. 3 of the 
storage control system 100, or a combination thereof. 

The power measurement module 1008 compares the elec-
trical power 310 to a power limit 1012, which is a numerical 
value that is associated with a maximum amount of energy 
allowable to be consumed in the drive. The power measure­
ment module 1008 also compares the electrical power 310 to 

10 a power floor 1020, which is a numerical value that is asso­
ciated with a minimum amount of energy allowable to be 
consumed in the drive. 

It has been discovered that the power monitor module 902 5 

for adjusting the next value of the electrical power 310 by 
controlling the bus speeds 802 of the channels 114 and gen­
erating the bus speed enable bits 906 provide improved reli­
ability. The reliability is improved because one of the biggest 
values of the current embodiments that bring to drive opera­
tions is the limiting of power spikes not allow by the host 
system 120 of FIG. 1, of power levels that are in excess of the 
capabilities of the host power supply. Furthermore, the power 
monitor module 902 provides the improved reliability with a 
seamless integration of the power throttling mechanism to 15 

drives that are already at a customer site as a firmware 
upgrade. 

Referring now to FIG. 10, therein is shown a flow chart of 
the main memory controller 104 of FIG. 1. The flow chart 
shows the bus speed control for the power throttling mecha- 20 

nism associated with the run time with the power measure­
ment to control and/or limit a run time power or the electrical 
power 310 of FIG. 3. 

For example, FIG. 10 depicts the flow chart that can be 
implemented with the software 212 of FIG. 2 with a polling 25 

mechanism. FIG. 10 includes a basic system level flow for 
how power throttling would be used with the hardware 
described in the embodiments described herein. The flow 
chart shows how the bus speeds 802 of FIG. 8 can be con­
trolled, which can also control the power usage of the drive. 30 

The flow chart shows a polling method of firmware imple­
mentation of changing bus transfer speeds or the bus speeds 
802 to manage power throttling. For example, this can be 
done by continuously monitoring the electrical power 310. 
Also for example, this can also be done using an N-level 35 

power interrupt notification method of hardware as outlined 
in FIG. 4. 

The power limit 1012 is associated with the over-current 
voltage level 414 of FIG. 4, the average current ceiling 508 of 
FIG. 5, the peak current ceiling 510 of FIG. 5, the power 
threshold 704 of FIG. 7, or any other value that indicates 
maximum amount of energy allowable to be consumed in the 
drive. The power floor 1020 is associated with the under­
current voltage level 412 of FIG. 4, the power threshold 704, 
or any other value that indicates minimum amount of energy 
predetermined to be consumed in the drive. 

The embodiments described herein have two effects. One 
effect is that the faster data is transferred, the more the elec­
trical power 310 is consumed because of an increase of a 
number of transfer edges of electrical signals in data busses or 
the channels 114. Therefore, a savings or reduction of the 
electrical power 310 is achieved by slowing the data busses 
down from that aspect. 

The main memory controller 104 includes a bus speed 
reduction module 1022 for decreasing the bus speeds 802. If 
the power limit 1012 is exceeded or the current value of the 
electrical power 310 is greater than or equal to the power limit 
1012, the bus speeds 802 are decreased to effectively decrease 
the next value of the electrical power 310. This is a case when 
the data is transferred too fast, the more the electrical power 
310 is consumed because of an increase of a number of 
transfer edges of electrical signals in the channels 114. There­
fore, reduction of the electrical power 310 is achieved by 
slowing the data busses down. 

The main memory controller 104 includes a bus speed 
increase module 1024 for increasing the bus speeds 802. If the 
electrical power 310 is less than the power limit 1012 and 
under or less than the power floor 1020, the bus speeds 802 are 
increased. A speed up or an increase in the bus speeds 802 

Both hardware and software implementations have the 
same effect on the overall operation of the drive. During high 
power operations, the main memory controller 104 in the 40 

storage control system 100 of FIG. 1 decides to slow down or 
pause transfer busses or the channels 114 of FIG. 1 thereby 
limiting the number of the operations that can be executed 
limited by the availability of the transfer busses to send new 
commands. Additionally, running the transfer busses slower 45 effectively increases the next value of the electrical power 

310. This is another case when the data is transferred too has an effect of reducing an I/0 power required to make the 
data transfers. 

The main memory controller 104 includes a host interface 
module 1002 for interfacing with and receiving information 
from the host system 120 of FIG. 1. The information incom­
ing from the host system 120 includes the host commands 822 
and the host data 824. The host interface module 1002 stores 
the host commands 822 and the host data 824 into a cache 
memory and sends a response to the host system 120. 

The main memory controller 104 includes a power mea­
surement module 1008 for reading a current value of the 
electrical power 310 supplied by the host system 120 in 
response to the host commands 822. The electrical power 310 
indicates the instantaneous power usage or the run-time 
power usage 826 of FIG. 8 ofa solid state storage device in the 
storage control system 100. 

slowly, the less the electrical power 310 is consumed because 
of a decrease of a number of transfer edges of electrical 
signals in the data busses or the channels 114. Therefore, 

50 speeding the data busses up subsequently increases the elec­
trical power 310 to be greater than the power floor 1020. 

If the electrical power 310 is less than the power limit 1012 
and greater than the power floor 1020, the bus speeds 802 are 
not changed and thus remain the same until the next compari-

55 son of the electrical power 310. This is a case when the 
electrical power 310 is within a predetermined range between 
the power floor 1020 and the power limit 1012. 

Functions or operations of the main memory controller 104 
as described above can be implemented in hardware, soft-

60 ware, or a combination thereof. The main memory controller 
104 can be implemented with the control unit 202 of FIG. 2, 
the storage unit 204 of FIG. 2, the memory interface unit 206 
of FIG. 2, the host interface unit 208 of FIG. 2, or a combi­
nation thereof. 

The electrical power 310 can be determined based on the 
current-sense voltage signal 308 of FIG. 3, the under-current 
signal 402 ofFIG. 4, the over-current signal 404 ofFIG. 4, the 
average current 502 of FIG. 5, the peak current 504 of FIG. 5, 65 

the power level value 604 of FIG. 6, or a combination thereof. 
The power measurement module 1008 reads the current value 

For example, the host interface module 1002 can be imple­
mented with the control unit 202, the storage unit 204, the 
memory interface unit 206, and the host interface unit 208 to 
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receive the host commands 822 from the host system 120 and 
storing the host data 824 in the buffer block 112 of FIG. 1. 
Also for example, the power measurement module 1008 can 

18 
power monitor controller 808. The power measurement hard­
ware 806 can be an external power monitoring hardware. For 
example, the electrical power 310 can be an N-bit power 
signal, where N is any counting number. be implemented with the control unit 202, the current sensor 

302 of FIG. 3, the current-to-voltage converter 306 of FIG. 3, 5 

the under-current level comparator 408 of FIG. 4, the over­
current level comparator 410 of FIG. 4, the current measure­
ment hardware 512 of FIG. 5, the analog-to-digital converter 
602 of FIG. 6, or a combination thereof to read the current 
value of the electrical power 310. 

Further, for example, the power measurement module 
1008 can be implemented with the control unit 202, the cur­
rent sensor 302, and the current-to-voltage converter 306 to 
monitor the current-sense voltage signal 308 to determine the 
electrical power 310. Further, for example, the power mea- 15 

surement module 1008 can be implemented with the control 
unit 202, the under-current level comparator 408, and the 
over-current level comparator 410 to compare the current­
sense voltage signal 308 to the under-current voltage level 
412 and the over-current voltage level 414. 

The power monitor controller 808 adjusts the next value of 
the electrical power 310 by enabling a number of the chamiels 
114. The power monitor controller 808 enables the number of 
the chamiels 114 by determining channel enable bits 1104 for 
controlling which of the channels 114 are to be operated. The 

10 power monitor controller 808 generates the channel enable 
bits 1104 based on a current value or an average value of the 
electrical power 310. 

The hardware comparators 1102 then feed an enable con­
trol block 1106 that generates a stream of enable bits or the 
channel enable bits 1104, which control each of the bus trans­
fer speeds or the bus speeds 802 on each individual bus 
transfer controller or the transfer blocks 812. The hardware in 
the embodiments described herein can be designed in such a 

20 way that some of the chamiels 114 can be throttled more or 
less than other channels based on what kind of data is stored Further, for example, the power measurement module 

1008 can be implemented with the control unit 202 and the 
current measurement hardware 512 to compare the average 
current 502 to the average current ceiling 508 and the peak 
current 504 to the peak current ceiling 510. Further, for 25 

example, the power measurement module 1008 can be imple­
mented with the control unit 202 and the analog-to-digital 
converter 602 to generate the power level value 604 by con­
verting the current-sense voltage signal 308 from an analog 
signal to a digital signal and assert the trigger interrupt 702 of 30 

FIG. 7. 
For example, the bus speed reduction module 1022 can be 

implemented with the control unit 202 to decrease the bus 
speeds 802. Also for example, the bus speed increase module 
1024 can be implemented with the control unit 202 to increase 35 

the bus speeds 802. 
The power measurement module 1008 can be coupled to 

the host interface module 1002. The bus speed reduction 
module 1022 and the bus speed increase module 1024 can be 
coupled to the power measurement module 1008 and the host 40 

interface module 1002. 

in the channels 114. For illustrative purposes, three of the 
transfer blocks 812 are shown, although it is understood that 
there can be any number of the transfer blocks 812. 

The hardware comparators 1102 compare the electrical 
power 310 to a minimum power limit 1108 or a maximum 
power limit 1110. The minimum power limit 1108 is a 
numerical value that is associated with a minimum amount of 
energy allowable to be consumed in the drive. The maximum 
power limit 1110 is a numerical value that is associated with 
a maximum amount of energy allowable to be consumed in 
the drive. 

The minimum power limit 1108 is associated with the 
under-current voltage level 412 of FIG. 4, the power threshold 
704 of FIG. 7, or any other value that indicates minimum 
amount of energy predetermined to be consumed in the drive. 
The maximum power limit 1110 is associated with the over­
currentvoltage level 414 ofFIG. 4, the average current ceiling 
508 of FIG. 5, the peak current ceiling 510 of FIG. 5, the 
power threshold 704, or any other value that indicates maxi­
mum amount of energy allowable to be consumed in the drive. 

The power measurement hardware 806 can generate the 
average value of the electrical power 310 and send the average 
value to the hardware comparators 1102. The hardware com-

The storage control system 100 is described with module 
functions or order as an example. The modules can be parti­
tioned differently. For example, the bus speed reduction mod­
ule 1022 and the bus speed increase module 1024 can be 
combined. Each of the modules can operate individually and 
independently of the other modules. 

Furthermore, data generated in one module can be used by 
another module without being directly coupled to each other. 
Yet further, the host interface module 1002, the power mea­
surement module 1008, the bus speed reduction module 
1022, and the bus speed increase module 1024 can be imple­
mented as hardware accelerators (not shown) within the con-

45 parators 1102 compare the average of the electrical power 310 
to an average power limit 1112. The average power limit 1112 
is a numerical value that is associated with a total power 
averaged over a predetermined period. 

trol unit 202 or can be implemented as hardware accelerators 
(not shown) in the main memory controller 104 or outside of 
the main memory controller 104. 

Referring now to FIG. 11, therein is shown a third exem­
plary block diagram of the bus speed control. FIG. 11 depicts 
one of the possible implementations for a full hardware con-

For example, the chamiel enable bits 1104 can be generated 
50 using a code generation scheme using Gray code. Also for 

example, the chamiel enable bits 1104 can be generated such 
that each time the chamiel enable bits 1104 are updated, only 
one of the chamiels 114 that are currently enabled or disabled 
is to be disabled or enabled, respectively. Further, for 

55 example, the channel enable bits 1104 can be generated to 
indicate the number of the channels 114 that are to be enabled 
for transferring data to/from the non-volatile memory devices 
106. 

trol system structure. The bus speed control provides the 60 

power throttling mechanism associated with the run time with 

Yet further, for example, the chamiel enable bits 1104 can 
be generated such that there are at least N bits, where N is a 
total number of the channels 114 to be enabled for transfer­
ring the data. The chamiels 114 are disabled or enabled by 
assigning the chamiel enable bits 1104 to an inactive state or 
an active state, respectively. For illustrative purposes, the 
channel enable bits 1104 are shown having 6 bits, although it 
is understood that the chamiel enable bits 1104 can include 
any number of bits. 

the power measurement to control and/or limit a run time 
power or the electrical power 310 of FIG. 3. 

The third exemplary block diagram in FIG. 11 shows how 
an incoming power measurement hardware or the power mea- 65 

surement hardware 806 feeds the current value of the electri-
cal power 310 into a set ofhardware comparators 1102 in the 
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When the current value or the average value of the electri-
cal power 310 is greater than the maximum power limit 1110 
or the average power limit 1112, respectively, the channel 
enable bits 1104 can be generated such that the number of the 
channels 114 to be enabled or operated decreases. When the 
current value or the average value of the electrical power 310 
is less than the minimum power limit 1108 or the average 
power limit 1112, respectively, the channel enable bits 1104 
can be generated such that the number of the channels 114 to 
be enabled or operated increases. 

20 
different channels or any number of the channels running at 
different speeds or the bus speeds to balance the load. 

Another aspect of the present embodiments is that the bus 
speed control mechanism is customized for specific cus-

5 tamer/application requirements since the bus speed control 
mechanism is the least complicated and requires very little 
hardware to implement or the bus speed control mechanism 
includes the tuning algorithms that is developed and seam­
lessly deployed to drives already at a customer site. 

10 Another aspect of the present embodiments is that this 
When the current value of the electrical power 310 is less 

than or equal to the maximum power limit 1110 and greater 
than or equal to the minimum power limit 1108, the channel 
enable bits 1104 do not change. When the average value of the 15 
electrical power 310 is equal to the average power limit 1112, 

process is applied to several sub-sections of the device or the 
drive for determining NAND power, DRAM power, or the 
total drive power. 

Another aspect of the present embodiments is a means to 
control current/power at a macro level. 

the channel enable bits 1104 do not change. 
The channel enable bits 1104 are used to enable or disable 

the transfer blocks 812 resulting in enabling or disabling the 
operations of a number of the channels 114. The power moni­
tor controller 808 can include a queuing mechanism 1114 for 
scheduling the commands or the operations for the non-vola-
tile memory devices 106 based on priority queuing, depen­
dent on the data stored in each of the channels 114. The 

Another aspect of the present embodiments is a means to 
control current/power at a micro level. 

The concept described in the present embodiments can be 

20 constructed and used in a solid state drive (SSD) underdevel­
opment. This concept can also be retrofitted into almost any 
SSD product with addition of power/current measurement 
hardware and some interface logic to the controller. Products 

queuing mechanism 1114 can be used to schedule the com- 25 

mands or the operations to any number of the transfer blocks 
812. 

or systems that can benefit from the present embodiments can 
include all of the stand-alone form factor SSD devices and the 
storage devices having multiple SSD devices combined and 
presented to the host as a single unit. 

It has been discovered that the channel enable bits 1104 
provides improved reliability. The reliability is improved 
because the channel enable bits 1104 are generated such that 
each time the channel enable bits 1104 are updated, only one 
of the channels 114 that are currently enabled or disabled is to 
be disabled or enabled, respectively, thereby eliminating 
power levels that are in excess of the capabilities of the host 
power supply. 

Referring now to FIG. 12, therein is shown a flow chart of 
a method 1200 of operation of a storage control system in a 
further embodiment of the present invention. The method 
1200 includes: receiving a host command from a host system 
in a block 1202; reading a current value of electrical power 
supplied by the host system in response to the host command 
in a block 1204; and adjusting a bus speed for controlling data 
transfer through a channel shared by a number of non-volatile 
memory devices, the bus speed is adjusted based on the cur­
rent value of the electrical power in a block 1206. 

Accordingly, it has been discovered that the present 
embodiments thus have numerous aspects. One such aspect is 
that this architecture lays out a means to allow a media con­
troller to adjust dynamically the run time power usage of a 
solid state storage device. 

Another aspect of the present embodiments is that this 
architecture allows the instantaneous electrical current 
(power) measurement as a means to control future electrical 
current usage. 

Thus, it has been discovered that the storage control system 
of the present invention furnishes important and heretofore 

30 unknown and unavailable solutions, capabilities, and func­
tional aspects for a storage control system with power throt­
tling mechanism. The resulting method, process, apparatus, 
device, product, and/or system is straightforward, cost-effec­
tive, uncomplicated, highly versatile, accurate, sensitive, and 

35 effective, and can be implemented by adapting known com­
ponents for ready, efficient, and economical manufacturing, 
application, and utilization. 

Another important aspect of the present invention is that it 
valuably supports and services the historical trend of reducing 

40 costs, simplifying systems, and increasing performance. 
These and other valuable aspects of the present invention 

consequently further the state of the technology to at least the 
next level. 

While the invention has been described in conjunction with 

45 a specific best mode, it is to be understood that many alterna­
tives, modifications, and variations will be apparent to those 
skilled in the art in light of the aforegoing description. 
Accordingly, it is intended to embrace all such alternatives, 
modifications, and variations that fall within the scope of the 

50 included claims. All matters hithertofore set forth herein or 
shown in the accompanying drawings are to be interpreted in 
an illustrative and non-limiting sense. 

What is claimed is: 
Another aspect of the present embodiments is that this 55 

process allows the instantaneous electrical current (power) 
measurement as a means to control the instantaneous electri-

1. A method of operation of a storage system comprising: 
at the storage system, receiving a host command from a 

host system, the host command comprising a write com­
mand; cal current usage of a solid state storage device. 

Another aspect of the present embodiments is that this 
invention provides a means for the firmware to better sched- 60 

ule NAND workloads to manage total drive power usage. 
Another aspect of the present embodiments is that mini­

mum, maximum, and rate of change of electrical current 
usage is controlled in real time. 

Another aspect of the present embodiments is that the 65 

tuning algorithms allows for field upgrades, where tuning 
algorithms are implemented in the firmware to elect to have 

at the storage system, in response to the host command, 
reading a current value of electrical power drawn by the 
storage system; and 

at the storage system, in accordance with the current value 
of the electrical power drawn by the storage system, 
adjusting a bus speed for controlling a data transfer rate 
of one or more channels coupling a memory controller 
of the storage system to non-volatile memory devices of 
the storage system. 

Radian Memory Systems, LLC - Exhibit 2027 
Page 2027 - 24 

IPR2025-01289, Samsung Elecs. Co., Ltd. v. Radian Memory Sys., LLC



US 9,244,519 Bl 
21 

2. The method as claimed in claim 1 wherein adjusting the 
bus speed includes adjusting the bus speed based on compari­
son of the electrical power and a power limit register. 

3. The method as claimed in claim 1 wherein adjusting the 
bus speed includes adjusting bus speeds based on the current 5 

value of the electrical power, one of the bus speeds is different 
from another of the bus speeds and for controlling the data 
transfer through the channel. 

22 
power drawn by the storage system, a data transfer rate 
of one or more channels coupling a memory controller 
of the storage system to non-volatile memory devices of 
the storage system. 

11. The system as claimed in claim 10 wherein the power 
monitor controller is for adjusting the bus speed based on 
comparison of the electrical power and a power limit register. 

12. The system as claimed in claim 10 wherein the power 
monitor controller is for adjusting bus speeds based on the 
current value of the electrical power, one of the bus speeds is 
different from another of the bus speeds and for controlling 
the data transfer through the channel. 

13. The system as claimed in claim 10 wherein the storage 

4. The method as claimed in claim 1 wherein the storage 
system includes a plurality of channels coupling the memory 10 

controller to the non-volatile memory devices, and the 
method further includes, at the storage system, in accordance 
with the current value of the electrical power drawn by the 
storage system, adjusting a number of parallel data transfer 
operations over the plurality of channels. 15 system includes a plurality of channels coupling the memory 

controller to the non-volatile memory devices, and the power 
monitor controller is for adjusting a number of parallel data 
transfer operations over the plurality of channels in accor-

5. The method as claimed in claim 1 wherein adjusting the 
bus speed includes generating channel enable bits for con­
trolling a number of channels based on the current value of the 
electrical power. 

6. The method as claimed in claim 1, wherein adjusting the 20 

bus speed includes decreasing the bus speed when the current 
value of the electrical power is above a value in a power limit 
register and increasing the bus speed when the current value 
of the electrical power is below the value in the power limit 
register. 

7. The method as claimed in claim 1, wherein the storage 
system includes a plurality of channels coupling the memory 
controller to the non-volatile memory devices, adjusting the 

25 

bus speed includes adjusting bus speeds for two or more of the 
plurality of channels based on the current value of the elec- 30 

trical power, and one of the bus speeds is different from 
another of the bus speeds. 

8. The method as claimed in claim 1, wherein adjusting the 
bus speed includes decreasing the bus speed when the current 
value of the electrical power is greater than a power limit and 35 

increasing the bus speed when the current value of the elec­
trical power is less than a power floor. 

dance with the current value of the electrical power drawn by 
the storage system. 

14. The system as claimed in claim 10 wherein the power 
monitor controller is for generating channel enable bits for 
controlling a number of channels based on the current value 
of the electrical power. 

15. The system as claimed in claim 10 wherein the power 
measurement hardware is for reading the current value of the 
electrical power measured based on a sensed current. 

16. The system as claimed in claim 10, wherein the power 
monitor controller is for decreasing the bus speed when the 
current value of the electrical power is above a value in a 
power limit register and increasing the bus speed when the 
current value of the electrical power is below the value in the 
power limit register. 

17. The system as claimed in claim 10, wherein the storage 
system includes a plurality of channels coupling the memory 
controller to the non-volatile memory devices, the power 
monitor controller is for adjusting bus speeds for two or more 
of the plurality of channels based on the current value of the 
electrical power, and one of the bus speeds is different from 
another of the bus speeds. 

9. The method as claimed in claim 1, wherein the storage 
system includes a plurality of channels coupling the memory 
controller to the non-volatile memory devices, adjusting the 40 

bus speed includes generating channel enable bits for con­
trolling a number of the plurality of channels based on the 
current value of the electrical power, and a number of the 
channel enable bits equals the number of the channels. 

18. The system as claimed in claim 10, wherein the power 
monitor controller is for decreasing the bus speed when the 
current value of the electrical power is greater than a power 

45 limit and increasing the bus speed when the current value of 
the electrical power is less than a power floor. 

10. A storage system comprising: 
a host interface unit for receiving a host command from a 

host system, the host command comprising a write com­
mand; 

power measurement hardware, coupled to the host inter­
face unit, for reading a current value of electrical power 50 

drawn by the storage system in response to the host 
command;and 

a power monitor controller, coupled to the power measure­
ment hardware, for adjusting a bus speed for controlling, 
in accordance with the current value of the electrical 

19. The system as claimed in claim 10, wherein the storage 
system includes a plurality of channels coupling the memory 
controller to the non-volatile memory devices, the power 
monitor controller is for generating channel enable bits for 
controlling a number of the plurality of channels based on the 
current value of the electrical power, and a number of the 
channel enable bits equals the number of the channels. 

* * * * * 
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